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Chapter 1  
Introduction 
 
1.1. Self-assembled Monolayer (SAM) 
Self-assembled monolayers (Bishop and Nuzzo, 1996; Dubois and Nuzzo, 1992; 
Duwez, 2004; Smith et. al. 2004; Srisombat et. al., 2011; Ulman, 1991) have become the 
subject of many researches in recent years. As the word “monolayer” in its name implies, 
the film is composed of a single layer of organic molecules, thus its thickness could be 
considered among the thinnest possible molecular assemblies. SAMs possess organized 
molecular assemblies on a substrate. The process in which these assemblies were 
organized is “self-assemble”, which is the spontaneous ordering of molecules on the top of 
a substrate. “Self-assemble” has become an important method in producing ordered 
organic molecular layer. Unlike inorganic materials, organic materials are quite “soft” that 
it can easily decompose at high temperature and high pressure, thus the traditional ways of 
preparing well-ordered inorganic films are difficult to be adapted. In this method, the 
ordering of the molecules is the outcome of the energy configuration of the system rather 
than mechanical manipulations. 
 The potential applications of SAMs have remarkably been diversed. They have 
been eyed for the following: adhesion and friction control (Chaudhury, 1997), corrosion 
prevention (Jennings and Laibinis, 1996; Whelan et.al. 2003), wetting (Kulinich and 
Farzaneh, 2004), and resist for pattern transfer (Xia, et.al. 1996).  However, its 
application in electronics (Arya et.al., 2009, Aswal et. al. 2006) can be considered one of 
the most sought-after. In terms of electronics, some SAMs have potential to function as 
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dielectric/insulator while others has potential to function as devices such as diodes, 
transistors, memories devices, sensors, etc. More specifically, SAMs on Si substrate are 
eyed for molecular electronic application (Aswal et. al, 2006). Molecular electronics 
utilizes single or small group of molecules to perform electronic function (Carroll and 
Gorman, 2002). The necessity to study molecular electronics is driven by the fact that the 
size of the components of integrated circuit is shrinking and would eventually approached 
the molecular or atomic level. In such, the Si surface could be a circuit board, in which 
different molecules can be grafted on the Si surface to act as different devices while the 
spaces left vacant are saturated with molecules functioning as dielectric. Minding with this 
potential application in the future, this report will focus on two kinds of organic materials, 
one kind has potential to function as a dielectric (methyl groups) and the other kind has 
potential to function as a device (ferrocenyl groups). Methyl groups that are grafted on the 
Si surface have the capability to make the surface chemically inert. Meanwhile, ferrocenyl 
groups have two stable and reversible oxidation states, which have potential use as 
memory elements. These two kinds of structures (methyl and ferrocenyl groups) will be 
discussed in detail in the succeeding chapters.  
 The formation of SAM is accompanied by the following: (1) bonding of 
molecules with the substrate and (2) self-assembly process. The molecules (Figure 1.1) 
that will be bonded with the substrate could be divided into three parts: (1) headgroup, (2) 
tailgroup, and (3) spacer. The headgroup and the tailgroup are on the opposite ends of the 
molecule and in between them is the spacer. The headgroups bind on the substrate while 
the tailgroups become the outer surface of the layer. Meanwhile, the intermolecular forces 
among the adjacent molecules could serve as a factor that draws the structure into an 
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organized molecular assembly. 
 
Figure 1.1. Self-assembled monolayer 
 
1.2. Silicon as substrate of SAM 
Self-assembled monolayer are not a stand-alone film, rather it needs substrate in 
which it could anchor. One distinct difference between SAM and Langmuir-Blodgett film 
is the nature of bonding with the substrate. The former is chemically absorbed in the 
substrate in which the molecular layer is covalently bonded with the substrate. Meanwhile, 
the latter is just physically absorbed in the surface, thus is weaker. Different materials have 
been used as substrate of SAM. These materials ranged from metals (e.g., Ag, Au, Pd, Cu, 
Pt, and Pd), oxides (e.g., Al2O3, ITO, SiO2,TiO2), ceramics (e.g., YBa2Cu3O7-δ and 
TlBaBaCuO), and semiconductors (e.g., GaAs, InP, CdSe, ZnSe, Si).  









intended application and the second is about its ability to allow the formation of SAM. If 
the indented application of the SAMs were to integrate it into electronic devices, the use of 
silicon as substrate would be advantageous. The electronic properties of silicon are tunable 
and devices based on it can be directly integrated into electronic circuits (Fabre, 2010). 
The technological processes involving silicon-based technology are also already developed 
and mature (e.g. removing oxide, patterning), thus these protocols could guide researcher 
in this field. In addition, crystalline silicon is being mass produced and widely available 
since it is used in electronics. Silicon (porous silicon and crystalline silicon) is also known 
to allow the formation of SAM. The sensitivity of silicon’s electronic properties with 
applied voltage and illumination can possibly makes grafting on it with different possible 
ways.  
Silicon can easily reacts with oxygen in atmosphere; thus, it is easily coated with 
native oxide. There are many molecules that can be are grafted on silicon oxide (e.g., 
silanes and alcohol); however, silicon oxide may have surface states that may be 
detrimental if the SAM is intended for electronic device. If it is desired that the molecular 
layer would be directly connected with the silicon surface, the silicon oxide layer should be 
removed. Because the silicon surface easily oxidizes, the usual practice is that the removal 
of native oxide is accompanied by the grafting of another layer (e.g, hydrogen layer). The 
idea is that this layer is stable enough to prevent oxidation (maybe for a short time) but 
should be easily displaced by the intended molecule to be grafted. However, for some 
cases, wherein hydrogen-terminated silicon (Si-H) is difficult to be displaced by the 
grafting molecules, the Si-H is processed in order for the hydrogen atoms to be replaced by 
halogen such as chlorine, bromide or iodine. Eves and Lopinski (2005) and Zhou et. al. 
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(2000) presented some studies about the production of halogen-terminated Si from Si-H.   
Figure 1.2. (a) Hydrogen-terminated porous Si, (b) crystalline Si with SiOx on its surface, 
and Hydrogen-terminated Crystalline Si (Si-H)  
 
The functionalization of Si-H with organic molecules is an active research area 
(Boukherroub, 2005). The nature of the hydrogenated surface differs for porous Si and for 
crystalline Si. For porous Si, due to its porous morphology, the outer Si atom is not 
necessarily bonded with three other Si atoms. Its extra electron(s) could either bond with 
one, two or three hydrogen atom(s) to form either -SiH, =SiH, or ≡SiH (Figure 1.2a). 
However, for crystalline Si, ideally, all surface atoms are bonded with three other Si atoms, 
leaving only one extra atom for binding with other atom. With this configuration, only a 
monohydride structures (≡SiH) are (ideally) possible to form (Figure 1.2b).  
Crystalline silicon is widely used as substrate of self-assembled monolayer. If 































electronic, then a relatively flat crystalline Si would be advantageous rather than the rough 
porous Si. The common crystallographic orientation of commercially available crystalline 
silicon is (100) and (111). To note, from this point onward, the term “silicon” would mean 
“crystalline silicon”. 
There are several techniques of producing hydrogen-terminated silicon. The 
wet-chemical approach using HF and/or NH4F solutions are commonly done because it is 
relatively easy to execute and does not require to be done in vacuum. The use of either 
these chemicals has done the trick of removing the silicon oxide and ending the process 
with hydrogen atoms attached on the silicon surface.  
The use of HF solution in the hydrogenation of the Si surface results to 
atomically rough surface while that of NH4F solution yields atomically flat surface 
(Higashi et. al., 1991). Atomically flat surface is exemplified by the condition wherein the 
structure of the molecular film, which was formed, copies the structure of the substrate’s 
surface. In this case, the attached hydrogen atoms are small enough that when it formed a 
film on the Si surface, it copies the surface’s stair-like structure (Figure 1.3). Figure 1.4 
shows an AFM image of a hydrogenated film on Si (111) surface.      
 
 
Figure 1.3. Atomically flat structure. The structure of the hydrogen film copies the 







Figure 1.4. Hydrogen-terminated Si(111). 
 
In this report, the hydrogen-termination is done by immersing in HF solution and 
then in NH4F solution in an 80°C water bath. HF solution was used to remove the native 
oxide (although it can also terminated the Si surface with hydrogen molecules) while the 
use of NH4F solution is to ensure that the sample has atomically flat surface (Figure 1.4). 
The NH4F solution was kept at 80°C to remove oxygen molecules on the silicon surface.    
The nature of Si-H would be crucial on its ability to be functionalized with 
different organic molecules. Because any chemical reactions (e.g., grafting process) 
requires transfer of charges, analyzing the mechanism on how charges can move in and out 
the Si surface would be helpful in understanding of how these charge can be used to induce 
or to control the grafting process.      
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Figure 1.5. Energy band diagram of hydrogen-terminated Si with (a) n-type and (b) p-type 
substrates, which are placed in the dark and not connected to an external voltage source. 
The closed circles represent electrons while the open circles are the holes. The terms “EF”, 
“Ec”, and “Ev” denote Fermi energy, conduction band energy , and valence band energy, 
respectively. 
 
 The nature of the energy bands of Si-H can influence the movement of charges 
from/to the Si substrate to/from its surface. The movement of such charges would be 
highly important since they can affect the grafting process. Figure 1.5. shows the band 
diagram of hydrogen-terminated silicon at the dark and not connected to an external 
voltage source. For Si-H with n-type substrate (n Si-H), the Si energy bands bend upward 
while for that of p-type (p Si-H), they bend upward. The closed circles represent electrons 
while the open circles are the holes. The terms “EF”, “Ec”, and “Ev” denote Fermi energy, 
















creating a depletion region and a semiconductor barrier. The width of the depletion region 
depends on doping concentration of the Si substrate. Substrates with high dopant 
concentration (or low resistivity) have thinner depletion width while those with low dopant 
concentration (or high resistivity) have thicker depletion width. Meanwhile, the 
semiconductor barrier of n Si-H is larger than that of p Si-H counterpart (Table 1.1).  
 
Table 1.1. Barrier Height of n Si-H and p Si-H 
Barrier Height (eV) Reference 
n Si-H p Si-H 
Model 
Faber et. al. 2005 0.461± 0.003 0.695± 0.003 Thermoionic theory 
Faber et. al. 2005 0.30 ± 0.03 0.80 ± 0.01 Moth-Schottky 
Faber et. al. 2005 0.324 ± 0.001 0.563± 0.003 Current density vs 
Voltage (J-V) plot 
Maldonado et. al., 2007 0.17 ± 0.02 0.82 ± 0.02 J-V plot 
 
 Figures 1.6 and 1.7 show the different possible configurations of the energy 
bands of Si-H. When an external bias is connected to the Si-H, the bond could either 
maintain the depletion condition or could either change to the following conditions: 
inversion, flat band and accumulation. At the inversion condition, many of the minority 
carrier goes to the surface of Si while at the accumulation condition, many majority carries 
goes to it. The flat band happens when there is no bending of Si energy band.    
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Figure 1.6. Energy band diagram of n Si-H showing (a) Inversion, (b) depletion, (c) flat 



























Figure 1.7. Energy band diagram of p Si-H showing (a) Inversion, (b) depletion, (c) flat 
band and (d) accumulation.   
 
1.3. Precursor Molecules  
 Some precursor molecules that have been used for grafting molecules on Si 
surface include those with π bond in one end of the molecules (e.g., 1-alkenes and 
1-alkynes) and those that can be decomposed into radical species (e.g. Grignard reagent). 
For alkenes and alkynes, the π electrons of their C=C bonds are reactive that they can 
interact with the hydrogenated Si surface.  Likewise, molecules can also be decomposed 
to their radical form, which is very reactive.  Example of this is alkyl-based Grignard 

























precursor molecules, they are (1) Grignard reagent and (2) 1-alkenes molecules.  
  
1.3.1. Grignard Reagent 
 Grignard reagents or organomagnesium halide (RMgX) are considered as one of 
the most important synthetic reagents (Tjurina et. al, 2001) and probably the most widely 
used organomettallic reagents (Seyferth, 2009). Figure 1.8 shows the structure of 
Methylmagnesium Bromide, an example of a Grignard Reagent. Grignard Reagent is 
composed of an organic molecule, R (e.g., alkyl), a magnesium atom and a halide atom, X 
(e.g., Br, Cl, I). Alkyl molecules has been extensively been grafted on semiconductor 
surfaces using Grignard reagent as precursor (Amy et. al., 2007; Bansal et. al., 2001; 
Fellah et. al., 2004; Fellah et. al., 2002; Fidelis et. al., 2000; Hunger et. al., 2005; Hunger et. 
al., 2007; Miyadera et. al., 2003; Okada et. al., 2004; Waluyo et. al., 2010; Webb and 
Lewis, 2003; Webb et. al., 2006; Yamada, et. al., 2003; Yamada, et. al., 2004; Yu et. al., 
2005; Yu et. al., 2006). Grignard reagent is sensitive to many substances. It can be 
decomposed by water and may react with oxidizing substances. It also reacts vigorously 
with alcohols, acids and amines and burns spontaneously without solvent. Extreme caution 










Figure 1.8. Structure of Methylmagnesium Bromide, a Grignard Reagent   
 
 Grignard reagent can undergoes oxidative decomposition with the introduction 
of a positive charge (p+) (Fellah et.al., 2002): 
RMgX + p+ → R• + MgX+  (equation 1.1) 
The oxidative decomposition of Grignard reagent allows the release of alkyl radical (R•).  
≡Si-H + R• → ≡Si• + R-H  (equation 1.2) 
≡Si• + R• → ≡Si-R  (equation 1.3) 
The alkyl radicals can extract hydrogen atoms to create Si radicals (Si•) (equation 1.2). 
Alkyl radicals can also bind with Si radicals to form alkyl-terminated Si (Si-R) (equation 
1.3).  The reactions show the importance of the oxidative decomposition of Grignard 
reagent for alkyl molecules to be grafted in the Si surface. Thus, a grafting initiator should 









1.3.2. 1-Alkene Molecules 
 
Figure 1.9. Pi (π) and sigma (σ) bonds in an ethylene molecule. (Source: 
http://www.chem1.com/acad/webtext/chembond/cb07.html) 
 
 The preparations of grafted organic molecules on silicon surface using alkenes or 
olefins as precursor molecules have been cited in literature (Buriak, 2002; Cicero et. al. 
2000; Coletti et. al., 2006; Eves et. al. 2004; Kruse, et. al. 2002; Langner, et. al. 2005; 
Linford et. al. 1995; Lopinsky et. al. 2000; Sano et. al. 2008; Sieval et. al. 1998; Steward 
and Buriak, 2001; Sun et. al., 2005; Wang et. al. 2010; Zhong and Bernasek, 2011). 
1-Alkenes are molecules with carbon double bond at an end of the molecule. Figure 1.9 
shows the bonds in an ethylene molecule, which is the simplest among the 1-alkene 
molecule. To note, the structure of a vinylferrocene molecule is similar that of an ethylene 
molecule except that a ferrocene molecule substitute one of the hydrogen atoms. The 
carbon double bonds are composed of pi (π) bond and sigma (σ) bond. The σ bond is the 
outcome of the overlap of the sp2 hybridized orbital of the two carbon atoms. Meanwhile, 
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the π bond is the outcome of the overlap of the unhybridized pz orbital of the two carbon 
atoms. Ordinarily, the ethylene molecule is planar, in which the sp2 hybrids (σ bond) are at 
the same plane with the molecule. The electron density of the π bond extends above, below 
and perpendicular to the plane of the molecule. The π electrons are more loosely bounded 
than the σ electrons, thus could easily break and very reactive.  
 There are different models on how 1-alkene molecule can interact with the 
hydrogenated surface and establish Si-C bond. One model is free radical mechanism in 
which the 1-alkene molecule can (directly) interact with a Si radical to establish Si-C bond 
(Cicero et. al., 2000; Lopinsky et. al., 2000; Kruse et. al., 2002). In this model, it seems 
that the chemical potential between the Si radical and grafting molecule is sufficient to 
drive a chemical reaction to create Si-C bond. Another model is by mean of the production 
of excitons (Sun et. al. 2005; Steward and Buriak 2001; Zhong and Bernasek, 2011). In 
this model, the excitons (electron-hole pairs) split, and for n-type substrate, the holes go to 
the Si surface. The surface holes can facilitate the reaction between the nucleophilic 
1-alkene molecules and Si-H bonds to form Si-C bonds. Some models such those 
presented by Sun et. al. (2005) and Zhong and Bernasek (2011) combined both the radical 
chain and exciton-based models.    
 Radical chain mechanism. An example of a model that describes the grafting of 
alkene molecules on Si surface is radical chain mechanism. In this model (Figures 1.10 and 
1.11), an initiator triggers the creation of Si radical, which in turn could react with alkene 
molecule to established Si-C bond. The establishment of Si-C bond is accompanied by the 
formation of carbon radical, which can extract hydrogen atom from the nearby Si atom, to 
create a new Si radical. The Si radical can trigger grafting of another alkene molecule, thus 
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the grafting process propagates. The radical initiator such as diacyl peroxide (Linford et. al. 
1995), high temperature (Buriak, 2002), or UV light (Cicero et. al., 2000) can be used to 
create Si radical. Lopinsky et. al. (2000) (Figure 1.12) and Kruse et. al. (2002) (Figure 
1.13) used this type of model to explain the grafting of styrene and of vinylferrocene on 
silicon surface, respectively.   
 
Figure 1.10. Use of diacyl peroxide to initiate grafting of alkene molecule on Si surface 
(Illustration taken from Buriak, 2002) 
at temperatures greater than ∼ 875 K and then flash
annealing.73,74 Surface pretreatments include exten-
sive degassing overnight at high temperatures or Ar+
sputtering at room temperature, both under UHV.
The literature suggests that the Ge(100)-2 × 1
surface may be a bit more tricky to access due to the
lattice mismatch between Ge and GeO2 which leads
to an inhomogeneous oxide layer. This problem has
been addressed through a procedure involving wet
chemical degreasing and oxidation, followed by a UV/
ozone treatment, and then outgassing and flash
annealing under UHV at 1000 K.75 The surface shows
ordered flat areas with dimensions>50 nm, as shown
in Figure 14.
IV. Wet Chemical Approaches to Si!C Bond
Formation
Over the past 8 years, an incredible diversity of
approaches that can be categorized as ‘wet chemical’
or benchtop chemistry has arisen in the literature.
The summary of the wet chemical approaches will
start with a reaction motif known for decades in the
molecular organosilicon literature, hydrosilylation,
and then diverge into electrochemical and other
routes toward Si-C bonds on surfaces.
A. Hydrosilylation Involving a Radical Initiator
Hydrosilylation involves insertion of an unsatur-
ated bond into a silicon-hydride group. Alkyne and
alkene hydrosilylation on Si-H-terminated surfaces
yield alkenyl and alkyl termination, respectively, as
shown in Figure 15. The first example of hydrosily-
lation of nonoxidized hydride-passivated silicon was
carried out in 1993 on flat crystal Si(111)-H sur-
faces.76 Insertion of alkenes into surface-bound Si-H
groups, in the presence of the a diacyl peroxide
radical initiator, provided high-quality alkyl mono-
layers in 1 h at 100 °C. Monolayers prepared from
octadecene, yielding octadecyl groups on the surface,
are densely packed and tilted approximately 30° from
the surface normal. As a result of the good coverage
provided by the film, the silicon surfaces demonstrate
excellent stability and withstand extended boiling in
aerated boiling chloroform, water, acid (2.5 M H2SO4
in 90% dioxane, v/v), and base (10% aqueous 1 M
NH4OH) and are resistant to fluoride (immersion in
48% aqueous HF). Under ambient conditions in air,
little oxidation of the silicon surface is observed,
indicating the usefulness of this approach for tech-
nological applications.
A radical mechanism was proposed for monolayer
formation under these conditions, as shown in Figure
16. The initiator, the diacyl peroxide, undergoes
homolytic cleavage to form two acyloxy radicals
which decompose to carbon dioxide and an alkyl
radical. The alkyl radical can then abstract H• from
a surface Si-H group to produce a silicon radical.
Figure 14. STM images of the Ge(100)-2 × 1 surface
prepared by the technique described in section III.C. The
top image is 52 nm × 38 nm and the bottom 14 nm × 6
nm. (Reprinted with permission from ref 75a. Copyright
1999 Elsevier.) The authors are also thanked for permission
to reprint this figure.
Figure 15. Schematic of hydrosilylation chemistry. Hy-
drosilylation involves the insertion of an unsaturated bond,
here an alkyne or an alkene, into an Si-H bond, resulting
in Si-C bond formation and formation of alkenyl or alkyl
groups, respectively.
Figure 16. Mechanism for radical-based hydrosilylation.
(a) Initation reaction in the presence of diacylperoxide,
resulting in R• radicals. The R• can then abstract a
hydrogen atom from the surface, forming a highly reactive
silicon radical. (b) Reaction of the surface silicon radical
with the alkene substrate and formation of the Si-C bond.
1278 Chemical Reviews, 2002, Vol. 102, No. 5 Buriak
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Figure 1.11. Use of UV to initiate grafting of alkene molecule on Si surface (Illustration 
taken from Cicero, et. al. 2000) 
 
Figure 1.12. Radical chain reaction mechanism involving alkene molecule on Si surface 
(Illustration taken from Lopinsky et. al., 2000) 
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evidence formigration of the oxygen into the silicon lattice
and regeneration of H-Si on the surface prior to the
eventual, complete oxidation of the surface. This is
consistent with known oxidation chemistry of the small
molecule [(CH3)3Si]3SiH with O2 where the first identifi-
able product is [(CH3)3SiO]2[(CH3)3Si]SiH and where
reaction is inhibited by the addition of the free radical
scavenger, 2,6-tert-butyl-4-methylphenol.26
Figure 9 shows a similar proposed free radical mech-
anism for addition of a terminal olefin to silicon radicals
on H-Si(111). A terminal olefin molecule first adds to a
siliconradical to forma covalentC-Sibond.Aneighboring
surfacehydrogenatomis thenabstracted by the resulting
secondary carbon radical to regenerate a new silicon
radical. This process can be repeatedmany times to yield
many adsorbates per initiation event.As is known for the
free radicaladditionsofmolecular silyl radicals to terminal
olefins,18 we propose the exclusive addition of the silicon
radical to the R-carbon of the terminal olefin for steric
reasons. The incipient secondary radical on the !-carbon
allows for a sterically favored six-member transition state
during the abstraction of a neighboring surface hydrogen
atom. Such a facile quenching of the secondary carbon
radicalmayexplain the lack of significantpolymerization;
note in Figure 7 and Table 1 that the coverages never
exceed one monolayer even with styrene, a molecule that
readily polymerizes.
One alternative explanation for the initiation of some
of the reactions reported here is the photogeneration of
radicals in solution that could be capable of abstracting
surface hydrogen. It is particularly important to consider
this possibility for styrene and phenylacetylene reactions
since both molecules strongly absorb the 254-nm line of
the Hg lamp (104 and 102 M-1 cm-1, respectively).
Photogenerationof radicals ineitherof these liquidswould
result in polymerization.However, both liquids are easily
poured after even 5 h of illumination with the Hg lamp,
suggesting negligible bulk concentration of radicals.
Toexploreolefinadsorption forourproposed free radical
chain reaction, we performed a Monte Carlo simulation
of a self-avoiding randomwalk on a triangular lattice.We
found the average number of steps that a walk would
take before it had no open position adjacent to it. Figure
10b shows the distribution of chain lengths for 100 000
simulations.Thisdistribution isapproximately log-normal
(see inset toFigure 10b), and the average number of steps
is 77.2 ( 0.5. This simulation unrealistically gives each
adjacent position (neighboring hydrogen) equal weight.
In reality, steric effects probably favor sites with fewer
adjacent chains with the result that longer, less kinked
paths are probably favored.
The simple model described above implies dangling
bonds would accumulate on the surface as the reaction
proceeds. However, other radical reactions such as oxida-
tion of theunderlying siliconwith tracedioxygenand slow
abstraction of allylic hydrogens (where present) are
expected to consume the dangling bonds, potentially
transferring that reactivity to other locations on the
surface.
Theextension of the terminal olefin reactionwithH-Si-
(111) to terminal acetylenes creates the intriguing pos-
sibility of a vinyl linkage of the adsorbate to the surface.
This is a promising route to fully conjugated organic
monolayers on silicon as illustrated by the prototypical
example of phenylacetylene.We propose the mechanism
of reaction with acetylenes to proceed by the same path
as with olefins. However, with the acetylenes a more
(26) Chatgilialoglu, C.; Guarini, A.; Guerrini, A.; Seconi, G. J. Org.
Chem. 1992, 57, 2207.
Figure8. Photoinitiated free radicalmechanism for the initial
stagesof oxidationof silicon(111). Siliconsurfacedanglingbonds
are formed by UV illumination. Dioxygen reacts with the
dangling bond to form a peroxy radical that can abstract
neighboring hydrogen to produce a new surface dangling bond.
Lesswellunderstoodprocessesallow for themigrationof oxygen
into the silicon-silicon back-bonds of the lattice and regenera-
tion of surface H-Si bonds.
Figure 9. Photoinitiated free radical mechanism for the
reaction of H-Si(111) with terminally unsaturated hydrocar-
bon. Silicon surface dangling bonds are formed by UV il-
lumination. Olefin or acetylene reacts with the dangling bond
to formasecondary carbonradical that canabstractneighboring
hydrogen to produce a new surface dangling bond.
Figure 10. (a) Self-avoiding random walk on a triangular
lattice. (b) Number of occurrences of a walk of a given chain
length aft r 100 000 cycles of a Monte Carlo simulation of this
process and (inset to b) number of occurrences of a walk vs the
log of the number of steps.
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Figure 1.13. Radical chain reaction mechanism involving vinylferrocene molecule on Si 
surface (Illustration taken from Kruse et. al., 2002) 
 
 
Figure 1.14. Result of Monte Carlo simulation of self-avoiding random walk on triangular 
lattice model (Illustration taken from Cicero, et. al. 2000) 
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ABSTRACT
Vinylferrocene was used to grow ordered molecular lines on the H!Si(100) surface via a self-directed growth process. High-resolution STM
images reveal a zigzag structure within the lines that results from the relief of steric crowding of the molecules. Scanning with more than !4.0
V of sample bias reproducibly destroys the molecules, leaving smaller decomposition products in their place. The energetics of both adsorption
and decomposition of the molecules were examined via DFT calculations. We propose to utilize these metal-containing lines as prepatterned
catalysts for processes such as carbon nanotube growth.
There is a longstanding interest in patterning metallocenes
on surfaces. For example, small iron or nickel particles on
surfaces have been used for ordered carbon nanotube
growth.1 A number of ways for patterning substrates for
carbon nanotube growth have been suggested, including
nanoporous materials,2,3 substrate selective growth,4 or STM-
assisted dissociative adsorption of ferrocene.5 In no instance,
however, has it been possible to control these patterns on
an atomic level. In this paper, we demonstrate the growth
of ordered vinylferrocene molecular lines on the H-Si(100)
surface and their decomposition, thus expanding the concept
of self-directed line growth to molecules with inherent
functionality for practical applications. The resulting atomic
iron line patterns could be used for nanostructured catalysis
of carbon nanotube growth. Since the method described in
this paper is of higher spatial resolution than previous work,
it will allow studies into the required minimum size and
structure of catalysts for nanotube growth as well as studies
into the possibility of fabricating catalysts for nanotube size-
specific growth.
Our group has previously demonstrated the self-directed
growth of styrene molecular lines on the H-Si(100) surface.6
In this process, we take a step beyond atom-by-atom crafting
methods7-9 by combining elements of self-assembly and
substrate templated growth. These methods achieve the
ultimate resolution of 1 surface atom or 3.85 Å on Si(100).
A radical chain reaction mechanism was originally postulated
by Linford et al. to explain the formation of alkyl chain
monolayers on H-Si(111) in solution.10 The same mecha- nism underlies the line growth of styrene and vinylferroceneon H-Si(100), as illustrated in Figure 1. By this mechanism,
the formation of an initial Si-C bond leads to a carbon-* Corresponding author. E-mail: bob.wolkow@nrc.ca.
Figure 1. Radical chain reaction mechanism responsible for styrene
and vinylferrocene line growth on the surface. (A) Separated
reactants. (B) Addition transition state. (C) Radical intermediate.
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eventual, complete oxidation of the surface. This is
consistent with known oxidation chemistry of the small
molecule [(CH3)3Si]3SiH with O2 where the first identifi-
able product is [(CH3)3SiO]2[(CH3)3Si]SiH and where
reaction is inhibited by the addition of the free radical
scavenger, 2,6-tert-butyl-4-methylphenol.26
Figure 9 shows a similar proposed free radical mech-
anism for addition of a terminal olefin to silicon radicals
on H-Si(111). A terminal olefin molecule first adds to a
siliconradical to forma covalentC-Sibond.Aneighboring
surfacehydrogenatomis thenabstracted by the resulting
secondary carbon radical to regenerate a new silicon
radical. This process can be repeatedmany times to yield
many adsorbates per initiation event.As is known for the
free radicaladditionsofmolecular silyl radicals to terminal
olefins,18 we propose the exclusive addition of the silicon
radical to the R-carbon of the terminal olefin for steric
reasons. The incipient secondary radical on the !-carbon
allows for a sterically favored six-member transition state
during the abstraction of a neighboring surface hydrogen
atom. Such a facile quenching of the secondary carbon
radicalmayexplain the lack of significantpolymerization;
note in Figure 7 and Table 1 that the coverages never
exceed one monolayer even with styrene, a molecule that
readily polymerizes.
One alternative explanation for the initiation of some
of the reactions reported here is the photogeneration of
radicals in solution that could be capable of abstracting
surface hydrogen. It is particularly important to consider
this possibility for styrene and phenylacetylene reactions
since both molecules strongly absorb the 254-nm line of
the Hg lamp (104 and 102 M-1 cm-1, respectively).
Photogenerationof radicals ineitherof these liquidswould
result in polymerization.However, both liquids are easily
poured after even 5 h of illumination with the Hg lamp,
suggesting negligible bulk concentration of radicals.
Toexploreolefinadsorption forourproposed free radical
chain reaction, we performed a Monte Carlo simulation
of a self-avoiding randomwalk on a triangular lattice.We
found the average number of steps that a walk would
take before it had no open position adjacent to it. Figure
10b shows the distribution of chain lengths for 100 000
simulations.Thisdistribution isapproximately log-normal
(see inset toFigure 10b), and the average number of steps
is 77.2 ( 0.5. This simulation unrealistically gives each
adjacent position (neighboring hydrogen) equal weight.
In reality, steric effects probably favor sites with fewer
adjacent chains with the result that longer, less kinked
paths are probably favored.
The simple model described above implies dangling
bonds would accumulate on the surface as the reaction
proceeds. However, other radical reactions such as oxida-
tion of theunderlying siliconwith tracedioxygenand slow
abstraction of allylic hydrogens (where present) are
expected to consume the dangling bonds, potentially
transferring that reactivity to other locations on the
surface.
Theextension of the terminal olefin reactionwithH-Si-
(111) to terminal acetylenes creates the intriguing pos-
sibility of a vinyl linkage of the adsorbate to the surface.
This is a promising route to fully conjugated organic
monolayers on silicon as illustrated by the prototypical
example of phenylacetylene.We propose the mechanism
of reaction with acetylenes to proceed by the same path
as with olefins. However, with the acetylenes a more
(26) Chatgilialoglu, C.; Guarini, A.; Guerrini, A.; Seconi, G. J. Org.
Chem. 1992, 57, 2207.
Figure8. Photoinitiated free radicalmechanism for the initial
stagesof oxidationof silicon(111). Siliconsurfacedanglingbonds
are formed by UV illumination. Dioxygen reacts with the
dangling bond to form a peroxy radical that can abstract
neighboring hydrogen to produce a new surface dangling bond.
Lesswellunderstoodprocessesallow for themigrationof oxygen
into the silicon-silicon back-bonds of the lattice and regenera-
tion of surface H-Si bonds.
Figure 9. Photoinitiated free radical mechanism for the
reaction of H-Si(111) with terminally unsaturated hydrocar-
bon. Silicon surface dangling bonds are formed by UV il-
lumination. Olefin or acetylene reacts with the dangling bond
to formasecondary carbonradical that canabstractneighboring
hydrogen to produce a new surface dangling bond.
Figure 10. (a) Self-avoiding random walk on a triangular
lattice. (b) Number of occurrences of a walk of a given chain
length after 100 000 cycles of a Monte Carlo simulation of this
process and (inset to b) number of occurrences of a walk vs the
log of the number of steps.
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 Radical chain mechanism predicts that alkene grafting on Si(111) substrate 
would yield an island-like structure during the initial stage of grafting process. This 
structure is expected since the succeeding grafting process would occur at nearby Si atom. 
Figure 1.14 shows the possible arrangement of the grafted structure on Si(111) surface 
(Cicero et. al., 2000).  The configuration was the outcome using Monte Carlo simulation 
of self-avoiding random walk on triangular lattice model and such configuration resembled 
an island-like structure.  
 Exciton-based mechanism. Both the illumination of UV and of visible light can 
trigger the formation of electron-hole pairs on Si. However, unlike the ultraviolet radiation, 
the energy of visible light is less than the bond strength of weakest Si-H bond (3.5 eV), 
thus its energy is insufficient to promote the dissociation of Si-H bonds. Stewart and 
Buriak (2001) proposed a mechanism for visible light-induced hydrosilylation reaction 
based from exciton-mediated mechanism (Figure 1.15). In this model, visible light induces 
the formation of localized positive charge on the porous silicon surface. A positive charge 
can interact with an alkene molecule, establishing a Si-C bond and a carbocation. The 
carbocation can extract the hydrogen atom that is still connected on the Si atom. Sun et. al. 
(2005) proposed almost similar mechanism involving crystalline silicon (Figure 1.16). In 
their mechanism, the carbon radical that was formed during the establishment of Si-C bond, 
extract hydrogen atom from neighboring silicon atom, instead on itself. This extraction of 
hydrogen atom led to the formation of Si radical that can trigger the grafting of another 




Figure 1.15. Use of visible light to initiate grafting of alkene molecule on porous Si surface 
(Illustration taken from Stewart and Buriak, 2001) 
 
Figure 1.16. Use of visible light to initiate grafting of alkene molecule on Si surface 
(Illustration taken from Sun et.al., 2005) 
mixed monolayers. In previous work, we revealed the relation
between the ratio of two esterified 1-alkenes in solution and
their relative amounts in the resulting mixed monolayer as
prepared with the visible light method.31 XPS showed a linear
relation between the amount of fluorine in the monolayer and
the mole fraction of the fluorine-containing ester in the solution
used in the preparation of the monolayer, but we couldsin
hindsightsnot fully exclude trace amounts of carbonyl group-
related photochemistry. To allow a completely unambiguous
study of mixed monolayers obtained via both thermal attachment
and visible light attachment, we aimed to keep the system as
stable and as simple as possible by choosing 1-decene and 11-
fluoro-1-undecene as a binary system. The latter compound was
synthesized in two steps from the commercially available alcohol
derivative. For each of the six different ratios that was used a
solution of the two 1-alkenes in mesitylene was divided over
the photochemical and thermal setups, to ensure the comparabil-
ity of the two methods. After the modification of hydrogen-
terminated Si(100), the resulting monolayers were studied with
water contact angles (Figure 9) and XPS (Figure 10).
The water contact angles of the mixed monolayers were
plotted against the molecular fraction of 11-fluoro-1-undecene
in the mesitylene solution (Figure 9). The contact angles of
monolayers prepared with 100% 1-decene (mole fraction of
F-compound, 0) are the same for both preparation techniques.
However, for every mole fraction >0 the contact angle of a
thermally prepared monolayer is slightly higher than that of the
corresponding photochemically prepared monolayer.
According to Cassie,54 the contact angle θ of a drop of water
on a heterogeneous surface made up of patches of two different
types of polarities is related to the contact angle θi of each of
the patches via the following equation:
The cosine of the water contact angles of the mixed monolayers
was plotted against the mole fraction (Figure 9, right). The linear
trend lines have high R2 values, indicating that Cassie’s relation
is applicable to this binary system. Two other binary systems
on silicon41,45 that were studied with Cassie’s relation showed
a lower correlation between solution composition and wetting
behavior than the present data. Most likely this is related to the
nature of the functional groups, which differ relatively little
regarding shape, size, and polarity in the present case, and thus
provides a more ideal application for the Cassie relation.
(54) Cassie, A. B. D. Discuss. Faraday Soc. 1948, 3, 11-16.
Figure 8. Contact angles of n-hexadecyl monolayers as a function of irradiation time for lowly doped n-type Si(100) and highly doped p-type Si(100) using
254, 371, 504, and 658 nm light, respectively.
Scheme 3. Proposed Mechanism for the Initiation of the Light-Induced Reaction
cos θ ) f1 cos θ1 + f2 cos θ2 (1)
A R T I C L E S Sun et al.
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crystalline Si whose physical dim nsions are less than the mean
free path of an electron in bulk Si are able to relax their excited
states by emission of light. The pathway to charge recombination
is determined by parameters such as the band structure of the
material, the lattice spacing, and the availability of traps that
may efficiently quench the excited state. The carriers of the
photoluminescence are supra-band gap, “hot” electrons and
holes, which have a higher relative energy and can be considered
more reactive than the distributed charge residues in the space
charge layer. In indirect band gap semiconductors such as
silicon, the exciton can become uncoupled and allow the hole
and the electron to trav l s parately. The holes and the electrons
can localize at mid-gap surface states, which could then become
chemically active surface species. For example, excitons gener-
ated in nanocrystalline silicon have been proposed as surface-
based initiators for solution-phase polymerization of activated
olefin monomers.54 In additi n, exciton involvement has bee
postulated as one major mode of porous silicon oxidation under
365 or 435 n light.20 Reduction of an O2 molecule bound to
a surface state on porous silicon with t e electron of an electron/
h l pair ( xciton) ields O2-; this step also results in a net
positive charge on the surface as the hole remains within
the nanocrystallite. Attack of the postively charged nano-
crystallite by the O2- leads to oxyg n incorporation into the
silicon lattice.
In Figure 6, a proposed m chanism for the light-promoted
hydrosilylation reaction begins with the formation of a complex
between an adsorbed alkene and the surface-localized hole.
Attack by an alkene or alkyne nucleophile at an electrophilic
silicon center is known in the chemistry of silyl cations in the
gas phase.55-57 When this reaction is viewed in the silicon
nanocrystallite system, there are some slight differences. First,
factors contributing to the historic difficulty in isolating a
silylium ion,58,59 R3Si+, are mitigated in this case. Hypercon-
jugative donation to the empty orbital, limited somewhat by
the size mismatch and electronegativity difference between
silicon and carbon in R3Si+, should be much more efficient when
the back-bonding substituents are thousands of lattice-locked
silicons. The reaction proceeds directly and irreversibly to form
the Si-C bond, resulting in a carbocation stabilized by a !-silyl
group.60 The high strength and low polarity of the nascent Si-C
bond should limit the reversibility of this step. The strongly
acidic carbocation can then abstract a hydride from an adjacent
hydridic Si-H bond, forming a stronger and less polar C-H
bond. This hydride could be formally the product of a hydrogen
atom and the electron half of the original exciton e-/h+ pair.
This hydride abstraction step by a !-silyl carbocation is proposed
in mechanisms related to solution-phase hydrosilylation.61
Reagents which have been shown to quench the light emission
of porous silicon62 act as energy acceptors63-65 or charge
acceptors20,66 to relax the excited state of the nanocrystallite
before radiative recombination can occur. As we have implicated
the photoluminescence excited state as an initiator for hydrosi-
lylation reactions, efficient quenching of the light emission
should quench the light-promoted hydrosilylation reaction as
well.
Solutions of quenchers were dissolved in toluene and used
in concentrations from 0.01 to 0.1 M in dichloromethane. Plots
of the effect of ferrocene and 9,10-dimethylanthracene on the
hydrosilylation efficiencies (% E) of 1-dodecene are shown in
the Supporting Information. Due to the inherent difficulty in
preparing identical samples of porous silicon from one run to
the next, there is some variability in the data, but the trend is
clear: at concentrations above 0.01 M (Qmin), the reaction
ffi e cy drops to below 3%, as opposed to 13% in absence
of ferrocene. Table 3 summarizes the effects of photolumines-
cence quenchers on the hydrosilylation efficiency for the light-
promoted hydrosilylation reaction with 1-dodecene at 20 mW
cm-2 for 30 min in inert atmosphere.
The trend observed in the data shows light-promoted hy-
drosilylation quenching via exclusive charge transfer, exclusive
energy transfer pathways, and with additives that can act as
both energy and charge-transfer quenchers. At concentrations
below approximately 0.005 M, little hydrosilylation quenching
was observed for all additives, except in the cases of vinylfer-
rocene and decamethylruthenocene, which quenched light-
promoted hydrosilylation at 10-4 M concentrations. The varying
degrees of quenching ability do not correlate with the observed
rate constants for quenching of light emission in porous silicon.
For example, ferrocene is known to quench photoluminescence
at diffusion-limited rates, while it is less effective in quenching
the light-promoted hydrosilylation reaction than decamethylru-
thenocene, whose observed quenching rate constant is nearly
identical.67 This discrepancy may be due to competitive adsorp-
tion with respect to the alkene and the quencher. As the observed
quenching rate constants are a product of an equilibrium constant
for surface physisorption (binding) and an electron transfer rate
constant, molecules which can efficiently quench the photolu-
(54) Heinrich, J. L.; Lee, A.; Sailor, M. J. Mater. Res. Soc. Symp. Proc.
1995, 358, 605.
(55) Li, X.; Stone, J. A. J. Am. Chem. Soc. 1989, 111, 5586.
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1998, 120, 1523.
(57) Stone, J. A. Mass Spectrom. ReV. 1997, 16, 25.
(58) Lambert, J. B.; Kania, L.; Zhang, S. Chem. ReV. 1995, 95, 1191.
(59) For a review, see: Reed, C. A. Acc. Chem. Res. 1998, 31, 325.
(60) Lambert, J. B. Tetrahedron 1990, 46, 2677. Lambert, J. B.; Zhao,
Y.; Wu, H. J. Org. Chem. 1999, 64, 2729.
(61) Asao, N.; Yamamoto, Y. Bull. Chem. Soc. Jpn. 2000, 73, 1071.
(62) Coffer, J. L. J. Lumin. 1996, 70, 343.
(63) Ko, M. C.; Meyer, G. Chem. Mater. 1995, 7, 12.
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Chem. B 1998, 102, 2383.
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Figure 6. Proposed mechanism for the exciton-mediated hydrosily-
lation event. An unbound exciton produced by light absorption leads
to a surface-localized supra-band gap positive charge. This surface
charge can then interact with an alkene and form a silylated !-car-
bocation upon Si-C bond formation. This carbocation can then abstract
a hydride (formally H• + electron from exciton) from an adjacent Si-H
bond, yielding the neutral organic termination.





Figure 1.17. Attaching ligand molecule on Si-H surface and hydrogenated oxidized silicon 
surface (Illustration taken from Langner et. al. 2005)  
Figure 1.18. Use of UV to initiate grafting of alkene molecule on Si surface (Illustration 
taken from Zhong and Bernasek, 2011) 
DOI: 10.1021/la104143r 1799Langmuir 2011, 27(5), 1796–1802
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Information), and the dodecene-functionalized sample exceeded
the same ideal thickness of a close-packed monolayer in less than
1 h of UV-light irradiation time. The much slower attachment
kinetics of decanol is probably due to the slower nature of the
nucleophilic substitution reaction compared to the radical chain
propagation of unsaturatedmolecules. Furthermore, the presence
of intermolecular hydrogen bonding between two alcohols shields
the nucleophilic oxygen, thus impeding the nucleophilic attack on
the Si-H bond. For the case of bifunctional undecenol, its fast
attachment kinetics implies preferential attachment through the
vinyl group as shown in Figure 2. The test for a close-packed
monolayer was performed by soaking the functionalized silicon
samples in hotwater at 90 !C for 1 h andmonitoring the change in
hydrophobicity by water contact angle goniometry. From Table
1, it is clear that 2 h of UV-light irradiation was insufficient for
decanol to form a passivating monolayer, as seen in the increased
hydrophilicity and optical thickness due to the oxidation of
ungrafted Si-H sites. In contrast, this irradiation time was
sufficient for undecenol attachment, as seen in the stable proper-
ties of the undecenol-functionalized sample. The dense, close-
packed monolayer was achieved for decanol after only 2 h of
UV-light irradiation. The distinct difference in hydrophobicity
between decanol and undecenol layers proves that the latter was
surface-terminated with hydrophilic alcohol groups. Subsequent
characterizations were preformed on the compact monolayer
formed with undecenol and decanol for UV-light irradiation of
2 and 3 h, respectively.
Surface Science Characterizations of SAMs on Si(111).
The X-ray photoelectron spectroscopy (XPS) survey scans of
both decanol- and undecenol-functionalized samples show only
the presence of carbon and oxygen without any other elemental
contaminant (Figure S1). Although the chemical identity of the
interfacial bonding can ideally be probed with the Si 2p XPS
spectra, the large signal contribution from the bulk silicon
coupled with the lower resolution obtained from the nonchroma-
tized XPS source makes it difficult to distinguish the subtle
contribution from the interfacial silicon atoms (Figure S2). From
Figure 3a, the C 1s XPS spectra show a major peak at 285.2 eV
and a small shoulder at 286.7 eVattributed to the aliphatic carbon
chain and the alcohol carbon, respectively. For the undecenol-
functionalized sample, another small peak could be fitted at
Figure 2. Organic attachmentmechanism on Si(111) through generation of the exciton byUV light: nucleophllic attack of alcohol followed
by the loss of molecular hydrogen (top) and nucleophllic attack of alkene (bottom) followed by radical propagation. The attachment of
bifunctional alkenol is expected to react preferentially and faster through the olefin group.
Table 1. Water Contact Angle and Optical Thickness of Functiona-
lized Si(111) before and after Soaking in Hot Water at 90 !C for 1 h
samples contact angle/deg thickness/A˚
decanol 2 h 103 11.2
-after soaking 50 20.1
decanol 3 h 110 15.8
-after soaking 109 15.3
undecenol 2 h 69 14.1
-after soaking 69 14.4
undecenol 3 h 69 17.5
-after soaking 70 17.8
Figure 3. (a) C 1s and (b) O 1s XPS spectra of (i) undecenol- and
(ii) decanol-functionalized Si(111).
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Methods for the controlled organic surface functionalization of
inorganic materials are critical for the synthesis of many new classes
of hybrid materials. Numerous examples exist in the semiconductor
industry and in biomaterials research, where the objective is to
combine the mechanical, structural, and electrical properties of the
bulk materials with tailored surface characteristics, such as tunable
reactivity, biocompatibility, or hydrophobicity. Additionally, there
are many emerging applications,1 such as nanoparticle functional-
ization and chiral organometallic complexe immobilization, to
produce new and efficient catalysts for pharmaceutical syntheses.2
Methods to immobilize organic ligands based on the reaction of
trialkoxysilane with surface silanol groups3 or the use of Grignard
reagents with halogen-terminated surfaces4,5 have been utilized with
mixed success. Such methods generally suffer from problems (e.g.,
harsh conditions, surface contamination by catalyst), which are
difficult to overcome for lack of effective characterization.
Alternatively, surface hydrosilylation of hydrogen-terminated
silica (SiO2) has emerged as a promising new strategy for grafting
organic molecules onto inorganic surfaces. However, the process
of hydrosilylation is not well understood, partly because of the use
of high-surface-area substrate materials, leading to unreliable results
and controversy in the field.6 When a catalyst is used, for example,
the Speier catalyst, H2[PtCl6], side reactions with the solvent can
occur. The catalyst itself may also cause post-contamination of the
surface by elemental Pt, which can lead to secondary reactions.7
The use of ultraviolet (UV) and white light has also been pioneered
by Chidsey8,9 and Buriak5,10,11 in place of molecular catalysts to
induce surface reactions, but UV has not been yet utilized for
complex organic ligands. Importantly, the reaction mechanism
leading to the attachment of the organic molecules on flat silicon
(Si) surfaces with UV light is still unclear.5
We present a powerful method, combining the use of well-defined
surfaces with infrared spectroscopy, to elucidate the mechanisms
of surface chemical functionalization, including hydrosilylation
reactions. To illustrate the approach, we focus on the complex
ligand, 3-[2!-(1H-inden-3!!-yl)ethyl]-5-(4!!!-vinylphenyl)-1H-indene
(“indene ligand”), a precursor for a metallocene catalyst and an
important model compound for surface functionalization.12 We find
that, in contrast to some reports, the Speier catalyst does not always
promote the alkene surface hydrosilylation reaction, but fosters
instead the reaction of the solvent (e.g., isopropyl alcohol, IPA)
with H-terminated silicon surfaces. Importantly, we demonstrate
that UV irradiation in chlorobenzene leads to complete immobiliza-
tion of the indene ligand during surface hydrosilylation reactions
on oxide-free surfaces only, thus suggesting electron-hole pair
excitons as key to the mechanism of UV-induced surface rea ti n
(Scheme 1).
The key to the present work is the combination of submonolayer
sensitivity surface infrared absorption spectroscopy (IRAS) with
two types of well-defined, flat hydrogen-terminated Si surfaces:13
(1) oxide-free, atomically flat H-terminated Si(111) [H/Si(111)],14
and (2) oxidized, flat si i on surfaces [SiO2/Si(100)] hydrogenated
by reaction with triethoxysilane [H/SiO2/Si(100)]. The starting
surfaces are fully characterized by IRAS, so that a systematic study
of all relevant methods can be undertaken, probing each reaction
step with IRAS. This is in contrast to the studies cited above, in
which the high-surface-area substrates are structurally complex and
opaque in the IR spectral region (500-2500 cm-1), most important
to unravel chemical mechanisms.
Figure 1 shows that, while the presence of the catalyst H2PtCl6
does lead to hydrogen loss on either H/SiO2/Si(100) (Figure 1a) or
H/Si(111) (Figure 1b) surfaces, it promotes the immobilization of
the solvent (IPA) instead of the indene ligand! Specifically, any
ligand-related modes, such as the indene C-H stretch and bend at
∼3000-3100 a d ∼1400-1700 cm-1, are not observ d. Instead,
th re is clear evid nce for th formation of Si-O-C modes at 1115
and 1170 cm-1 and CH3 modes in the ∼2900 cm-1 region,
consistent with alkoxy bonded to the Si surface. Examination of
IPA reactivity with H/Si(111) without catalyst (Supporting Informa-
tion) reveals that alkoxy formation also takes place, although at a
lower reaction rate. Figure 1c shows that, when chlorobenzene is
used instead of IPA, complete removal of surface hydrogen takes
place in the presence of the catalyst, with partial immobilization
of th ligand (∼1/4 monolayer, ML). This observation indicates
that the catalyst can induce ligand immobilization under conditi ns
when the solvent is stable. However, the surface is also substantially
oxidized (broad bands ∼1100 cm-1). Interestingly, Rutherfo d
backscattering measurements of surfaces show that for the case of
IPA + catalyst a significant amount of Pt (∼2.5 × 1014 Pt/cm2)
a d no measurable Cl are detected, while for chlorobenzene +
catalyst, a smaller amount of Pt (∼1 × 1014 Pt/cm2) r mains on
the surface together with chlorine (∼2 × 1014 Cl/cm2). These
observations suggest that the catalyst dissociates in the presence
of PA and chlo obenzen , forming PtCl2 in the latter case.
UV irradiation offers a potentially “cleaner” (metal-free) way
to foster surface reactions on surfaces. Figure 2b shows that, under
UV illuminati n, ligand immobilizatio takes ace on H/Si(111)
Scheme 1. Schematic Summary of the Main Mechanisms
Published on Web 08/25/2005
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 22 
 
 The paper of Langner et .al. (2005) seems to suggest that the grafting of  
organic molecules onto the Si atoms using UV illumination is also induced by excitons 
(Figure 1.17), instead of the by Si-H bond breaking mechanism (Figure 1.11) (Cicero, et. al. 
2000). Langner et. al (2005) shows that UV treatment did not result to grafting of 
molecules when an intermediated oxide layer is in between the bulk silicon and 
hydrogenated surface (Figure 1.17). In their experiment, they attributed the said failure to 
graft molecules to the failure to transfer photogenerated holes from the bulk silicon to the 
hydrogenated surface because of the intermediated oxide barrier. The results suggest the 
necessity of photogenerated charges to be at the hydrogenated surface for grafting to occur. 
 Citing the work of Langner et .al., (2005), paper published by Zhong and 
Bernasek (2011) used the exciton-based mechanism, similar to that of Sun et. al. (2005) 
Figure 1.16, to explain the grafting of alkene onto the Si(111) surface using UV 
illumination (Figure 1.18). However, they also use the radical propagation in their model 
about alkene molecule grafting.  
  
1.4. Objectives of the study 
 This study will explore two different processes in which alkyl structures could be 
grafted on the Si surface using visible light illumination. One process involves the use of 
organomagnesium halide (Grignard reagent) while the other involves the use of 1-alkene 
(vinylferrocene) molecules. With this, the general objectives of this study are the following 
(the specific objectives will be presented on per chapter basis):   
 (1) to photochemically graft methyl groups on Si(111) surface using Grignard 
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reagent, and,  
 (2) to photochemically graft ferrocenyl groups on Si(111) surface.  
 The two kinds of self-assembled monolayers that are intended to achieve in this 
study are (1) Si-CH3 and (2) Si-C2H4Fc molecular assemblies. Both molecular assemblies 
are composed of alkyl-like molecules that are covalently bounded on Si(111) surface. Such 
establishment of bonding is achieved with the aid of illumination of visible light. 
 This manuscript will focus on the use visible light as initiator for grafting. Unlike 
the use of ultraviolet illumination and thermal method, the use of visible light illumination 
is a mild process, thus it can avoid inducing potential damage to organic molecules. 
Compare to electrochemical method, the use of visible light illumination avoids the tedious 
method of establishing ohmic contact between the Si substrate and an electrode, which 
may induce permanent damage to the Si substrate. Unlike in the use of radical initiator, the 
use of visible light illumination avoids the use of additional chemical reagents that may 
leave impurities to the grafted molecules.    
























n-type Si p-type Si
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 The illumination of visible light onto the Si-H surface induces the creation of 
electron-hole pairs. The electric field in the depletion region splits these electron-hole pairs. 
For n-type Si, holes go onto the Si surface (Figure 1.19a) while for p-type Si; electrons go 
onto the surface (Figure 1.19b). The role of these photogenerated charges onto the grafting 
process may differ depending on the grafting condition. Its role on the grafting of methyl 
group and vinylferrocene group will be described on the succeeding chapters.   
  
1.5. Outline 
 Chapter 1 is the introduction of this manuscript. This chapter presents the basic 
concepts of self-assembled monolayer (SAM). This chapter gives an overview about the 
use of Si as substrate of SAM, and basic information on the use of Grignard reagent and 
1-alkene in grafting.  
 Chapter 2 discusses about the photochemical grafting of methyl groups on 
Si(111) surface using Grignard reagent. This chapter discusses the different factors that can 
affect the grafting of methyl groups on the Si surface. It also presented the different 
characteristics of the methyl-terminated silicon.  
 Chapter 3 tackles the effect of grafting medium on the preparation of ferrocenyl 
groups on Si(111) surface. The three grafting medium that were used were (1) 
tetrahydrofuran, (2) diethyl ether and (3) dibutyl ether.  
 Chapter 4 gives a new insight on the role of surface charges on the grafting of 
vinylferrocene molecules on the Si substrate. This chapter analyzes the effect of the 
characteristics of Si substrate on the availability of charges on the Si surface and its effect 
on grafting rate.   
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 Chapter 5 presents a model that explains the effect of illumination intensity on 
the electrochemical characteristics of immobilized ferrocene moieties on n-type Si 
substrate. 
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Chapter 2  
Photochemical Grafting of Methyl Groups on Si(111) 




Figure 2.1. Methyl-terminated Si(111) 
 
 Methylated silicon (Si-CH3) surfaces have been topic of many researches (Fellah 
et. al., 2002; Fidelis et. al. 2000; Hunger et. al., 2005; Hunger et. al., 2007; Miyadera et. al., 
2003; Okada et al., 2004; Waluyo et. al., 2010; Webb et. al., 2006; Yamada et. al.; 2004, Yu 
et. al., 2005, Yu et. al., 2006).  Methyl groups are the smallest among the alkyl groups and 
can form stable Si-C bonds with the Si surface. The combination of these qualities marks 
its unique advantage among other molecules. Methyl (−CH3) is the simplest and the 
smallest among the alkyl groups (CnH2n+1). Its van der Waals radius is small enough to fit in 
between the spacing of Si(111) surface. Thus, compare with other alkyl groups that can 
also form Si-C bonds, methyl groups has the ability to completely cover (Fidelis et. al, 
2000; Yamada et. al., 2004; Nemanick 2006) the entire the Si(111) surface (Figure 2.1). In 
such, it is desired to completely saturate all the atoms on the Si surface with Si-C bonds to 
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prevent unwanted oxidation. The presence of silicon oxide can introduce additional surface 
states that could be detrimental if the intended function of the SAM is for electronic 
application. Meanwhile, unlike hydrogen and halogen (X) atoms that could also 
completely terminated every atoms on the Si surface, methyl groups can establish Si-C 
bonds, which is more stable than Si-H and Si-X bonds.  
 Organic molecules on silicon surfaces (Amy et. al., 2007; Bansal et. al., 2001; 
Boukherroub et. al., 1999; Boukherroub, 2005; Buriak, 2002; Cicero, et. al. 2000; Fellah, 
et. al., 2004; Linford and Chidsey, 1993; Linford et. al., 1995; Sieval et. al., 1998; Sieval et. 
al., 2000; Sun et. al., 2005; Takakusagi et. al., 2007; Touahir et. al., 2010; Webb and Lewis, 
2003) have been cited in different researches. Different techniques were done to attach 
organic molecules on the Si surface. For attaching alkyl groups on semiconductor surfaces 
in particular, the following methods have been done using Grignard reagent as precursor: 
(1) chlorination-alkylation method (Bansal et. al., 2001; Hunger et. al., 2005; Hunger et. al., 
2007; Waluyo et. al., 2010; Webb et. al., 2006; Webb and Lewis, 2003; Yamada et. al., 
2004; Yu et. al., 2005; Yu et. al., 2006), (2) electrochemical method (Fellah et. al., 2002; 
Fidelis et. al., 2000; Miyadera et. al., 2003; Okada et. al., 2004; Webb and Lewis, 2003), 
(3) thermal grafting (Fellah et. al., 2004) and (4) photoanodic method (Takakusagi et. al., 
2007). 
 In the chlorination-alkylation technique, a chlorine-terminated Si (Si-Cl) acts as 
the substrate for the methylation process. In such process, the Si-H sample was initially 
processed to become Si-Cl. The production of Cl-terminated surface can be done either by 
placing PCl5 in chlorobenzene at an elevated temperature (Hunger et. al., 2005; Hunger et. 
al., 2007; Webb et. al., 2006; Yu et. al., 2006; Yu et. al. 2005) or by using Cl2 gas diluted in 
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argon atmosphere (Yamada et. al. 2004; Waluyo et. al., 2010). Si-Cl bonds are more 
reactive and less stable than Si-H bonds, thus it could easily react with the Grignard 
reagent to produce a methylated surface. In the electrochemical technique (Fellah et. al., 
2002; Miyadera et. al., 2003; Okada et. al. 2004; Fidelis et. al., 2000), external bias is used 
to trigger methylation. In thermal grafting (Fellah et. al., 2004), the alkylation process is at 
elevated temperature (e.g., 90°C) to promote grafting. In the photoanodic method 
(Takakusagi et. al. 2007), the grafting process was promoted both by the use of external 
bias and the presence of illumination. However, for advance electronic applications, which 
would need the designing of circuit patterns on the Si surface, a light-based technique 
would be advantageous so that it could be adaptable with photopatterning technique. Thus, 
this chapter will present a light-based technique to graft methyl groups onto the Si surface 
without the aid of an external bias. The placement of external bias onto the Si substrate, 
similar to that of electrochemical method and of photoanodic method, would require the 
placement of ohmic contact between the Si substrate and electrode, which could introduce 
potential and/or irreparable damage to the substrate. Our method is advantageous compare 
to that of chlorination-alkylation process since our method utilizes hydrogen-terminated Si 
only, instead of further processing it to chlorine-terminated Si. With this, our method 
avoids the difficulty of using gas-based chlorination process in an inert atmosphere or the 
hazardous thermal chlorination process.     
 Patterned from the model presented by Fellah, et. al. (2002, 2004), the grafting 
of methyl groups onto the Si substrate is visualized as follows:  
CH3MgBr + p+ → CH3･ + MgBr +   (2.1) 
≡Si-H + CH3･ → ≡Si･ + CH4          (2.2)                                                                                         
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≡Si･+ CH3･→ ≡Si-CH3               (2.3) 
 Equations 2.1-2.3 are similar to equations 1.1-1.3 (Chapter 1), in which the alkyl 
(R) is taken to be methyl. Equation 2.1 shows the decomposition of Grignard reagent into 
methyl radical (CH3･) by the introduction of positive charge.  The presence of methyl 
radical initiates the formation of Si radical (≡Si･) (Equation 2.2), which is needed in order 
for the surface Si atom to have one free electron for possible binding with a molecule. The 
Si radical and methyl radical could interact with each other to establish Si-C bond 
(Equation 2.3).     
The decomposition of the Grignard reagent, which is needed to promote the 
methyl grafting process, could be triggered by (1) electron capture by the reduction of 
alkyl halide (Fellah et. al., 2004), (2) by anodization (Fellah et. al, 2002), or (3) by 
phototanodization (Takakusagi et. al, 2007). In the case of reduction of alkyl halide, the 
charges that are needed for the decomposition of Grignard reagent can come within the 
grafting solution while in the cases of anodization and photoanodization, the charges 
comes within the Si substrate. It is our aim to look on the possibility of using illumination 
to generated surface holes in order to trigger the decomposition of Grignard reagent and 
promote the grafting of methyl groups.  
 The main objective this research is to photochemically graft methyl groups on 
Si(111) using Grignard reagent. The specific objectives of this research are as follows: 
(1) to obtain the O 1s, C 1s, and Si 2p spectra of the samples using XPS,  
(2) to measure the water contact angle of the sample using water contact angle 
meter,  
(3) to observe the surface topography of the sample using AFM, 
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(4) to measure the infrared spectra using ATR-FTIR, 
(5) to measure the surface dipole of the sample using photoemission yield 
spectroscopy, 
(6) to compare the grafting process on n-type and on p-type substrates, 
(7) to determine the effect of grafting time,  
(8) to determine the effect of illumination intensity,  
(9) to determine the effect of substrate’s dopant concentration.   
 
2.2. Methodology 
2.2.1.  Hydrogen-termination process 
 The following kinds of substrates were used in this experiment: (1) 
Phosphorus-doped Si with resistivity of 1-10 Ω cm (n low Si), (2) Phosphorus-doped Si 
with resistivity of 0.001-0.004 Ω cm (n high Si) and (3) Boron-doped Si with resistivity of 
1-30 Ω cm (p low Si). The terms “n” and “p” indicate n-type and p-type, respectively. The 
terms “low” and “high” in the notations indicates low and high dopant concentrations, 
respectively. Si substrates with low dopant concentration have high resistivity while those 
with high dopant concentration have low resistivity.  
 Figure 2.2 shows the schematic diagram of the hydrogen-termination process. 
The wafer was cut into size that can fit inside the optical cell (Figure 2.2a). The cut wafer 
was cleaned ultrasonically with ethanol (Figure 2.2b) and with ultrapure water (UPW) 
(Figure 2.2c) for 20 min each, respectively. The sample was then photochemically cleaned 
using vacuum ultraviolet (VUV) for 20 min (Figure 2.2d). The VUV was used to remove 
organic contaminants. The UV radiation that was used came from a xenon excimer lamp 
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that has wavelength of 172 nm and intensity of 10 mW・cm-2. The cleaned sample was then 
immersed in 5%HF solution (Figure 2.2e). The immersion time depends on the dopant 
concentration. The immersing time of samples with low dopant concentration is 5 min 
while for the samples with high dopant concentration is 30 s. Afterwards, the samples were 
immersed in 40%NH4F solution (Figure 2.2f).  The immersing time of samples with low 
dopant concentration is 30 s while for the samples with high dopant concentration is 1 min. 
The Si-H sample (Figure 2.2g) was dried using streams of nitrogen.  
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2.2.2. Photochemical grafting 
Figure 2.3. Experimental set-up of the photochemical grafting process  
Figure 2.4. Spectrum of visible light that was used in the grafting process (Taken from 














rubber stopper inserted at the open end of the cylinder. The solution
was deaerated for at least 30 min and then a H–Si substrate was
quickly slipped into the rectangular cell. The substrate was irradi-
ated with a xenon lamp [Asahi Spectra, MAX-1000 (UV-lamp +
vis-mirror)] from the outside of the cell. Light with wavelengths
longer than 850 nm was cut off by the vis-mirror. The spectrum of
the light irradiated from the optical fiber is shown in Fig. 1. The
intensity, i.e., absolute irradiance, of the visible light was controlled
at 510 mW cm!2 by using a neutral density filter installed inside the
xenon lamp source. Light intensity was decided to be as high as we
can obtain steadily with the machine in our laboratory. As is de-
scribed in the latter part of Section 3, a SAM film was also obtained
with rather lower light intensity of 170 mW cm!2. After film forma-
tionwith the visible-light activationmethod, the sampleswere son-
icated for 10 min each in n-hexane, methanol, and ultrapure water,
in that order.
The resulting samples are hereafter referred to as HM, HD, LM,
and LD samples corresponding to the names in Table 1 (e.g.,
HM = heating–mesitylene). Alkene SAMs are formed in several
hours in ordinary cases [6,11–23], but decomposition or polymer-
ization is observed for 2 h under HD, HM, and LM conditions. Un-
der these conditions, decomposition or polymerization is more
dominant than SAM formation.
2.3. Analytical tools
The static water contact angles of the samples were measured
with water droplets of fixed size of about 1.5 mm in diameter.
X-ray ph t electron spectroscopy (XPS) analysis was carried
out using an ESCA-3400 system (Kratos Analytical), the back-
ground pressure of which was lower than 5 " 10!6 Pa during anal-
ysis. The X-ray source was Mg Ka operated at 10 kV and 10 mA.
The Fe 2p, O 1s, C 1s, and Si 2p regions were scanned for all the
samples under the conditions 0.1 eV of step width, 298.5 ms of
sampling time, and 10 scan cycles, except that in the Fe 2p region,
a 170.9 ms of sampling time was used. Gaussian–Lorentzian peak
deconvolution and fitting were performed for qualitative and
quantitative analy es of the spectra after subtraction of each
background.
The thicknesses of the organic film on the Si sample were mea-
sured with a spectroscopic ellipsometer (Otsuka Electronics,
FE-5000). The measured region was 400–800 nm in wavelength,
and the incident angle was set to be 70!. The model of air/organic
film/Si was used for the analysis of raw data. The refractive index
of SiO2 [52]was used as an alternative to the true index of the organ-
ic film for all the measured wavelengths; this alternative is usually
used for the ellipsometric analysis of self-assembled alkylmonolay-
ers. Actually, VFC film must have a refractive index different from
that of SAMs consisting mainly of carbon chains. Thus, in our case,
the calculated thicknesses are not the absolute values, and we used
them for relative comparison. Topographic images of the resulting
samples with an area of 500 nm " 500 nm were acquired by an
AFM (Seiko Instruments, SPA-300HV + SPI-3800N) using Si probes
with a tip radius of about 15 nm.
Cyclic voltammetry (CV) was carried out at room temperature
in the dark or under room lighting with a conventional three-elec-
trode setup connected to an electrochemical analyzer (BLS, ALS
660C). A cylindrical glass cell with a silicone rubber lid was used
as the electrolytic vessel. The electrolyte used was 0.1 M HClO4
aqueous solution purged with nitrogen gas before and during the
voltammetry. The resulting samples were used as the working
electrode. A small copper plate with a coated copper lead wire
was attached to the scratched backside of the substrate on which
a gallium–indium eutectic was pasted so that ohmic contact would
be obtained at the Si/copper interface. An insulating epoxy resin
was then applied to the whole backside and lateral side of the
substrate, so that only the front face with a fixed area (1 " 2 cm)
was exposed to the electrolyte and was the reactive area during
the CV measurement. A coiled platinum wire washed with dilute
nitric acid was used as the counter electrode. An Ag/AgCl electrode,
immersed in 3.0 M NaCl aqueous solution and fitted with a ground
glass liquid junction, was used as the reference electrode. The
potential of the reference electrode was 0.226 ± 0.004 V versus
standard hydrogen electrode (SHE) [53]. Here, we have to note that
the filling solution of the reference electrode should not be the
commonly used KCl solution but NaCl solution to avoid the precip-
itation of the poorly soluble salt KClO4 at the liquid junction.
Low-pass filters with cutoffs at 1.5 Hz and 15 Hz were used to
smooth the raw CV data for scan rates of 0.01–0.05 V s!1 and
0.1–0.5 V s!1, respectively.
3. Results and discussion
3.1. Difference in film formation method
The water contact angles, XPS quantitative analytical data, and
ellipsometric thicknesses of four samples after film formation are
summarized in Table 2, and XPS Fe 2p spectra of four samples
are shown in Fig. 2; the data for H–Si substrate before film forma-
tion are also shown. The water contact angle of H–Si was 85.4! and
agrees with the reference data [22,54]. In Fig. 2, each spectrum of
film-formed samples has two large peak contributions around
708.0 eV of binding energy and at about 720.9 eV. These results
are consistent with other referenced data [55] and imply that
VFC molecules are immobilized on the substrate in any form. The
Table 1
Conditions for the reaction of vinylferrocene (VFC) with hydrogen-terminated Si(1 1 1) surface.
Sample name Activation method Temperature or light intensity Reaction time (h) Concentration of VFC (mM) Solvent
HM sample Heat 150 !C 2 10 Mesitylene
HD sample Heat 150 !C 2 10 n-Decane
LM sample Light 510 mW cm!2 2 10 Mesitylene



















Fig. 1. The spectrum of the isible light irradiat from the optical fiber us d f r the
visible-light irradiation for SAM formation in the present study.
H. Sano et al. / Journal of Colloid and Interface Science 361 (2011) 259–269 261
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Figure 2.3 shows the experimental set-up that was used during the 
photochemical grafting process. The grafting was done by illuminating the Si-H, which 
was immersed in the Grignard Reagent-tetrahydrofuran solution (CH3MgBr-THF) at room 
temperature, with visible light. The spectrum of the visible light that was used is presented 
in Figure 2.4. The visible light comes from a xenon lamp device (Asahi Spectra Co., Ltd., 
Max 1000) with has detachable optical filters and controllable light intensity. A quartz 
vessel with a cylindrical upper body and a rectangular-shaped bottom was used as the 
optical cell. The quartz optical cell was covered with a silicone stopper with an inlet and an 
outlet for nitrogen gas bubbling. One mol/l (12 %) CH3MgBr-THF was placed inside the 
cell and serve as the grafting medium. The grafting solution was purged with nitrogen gas, 
prior to and during the grafting process. To compensate for the THF that would be lost in 
the grafting solution because of its volatility, a reservoir bottle with THF was placed along 
the nitrogen line as seen in Figure 2.3.    
 CAUTION: As stated in Chapter 1.3.1, Grignard reagent reacts vigorously with 
water, acids, alcohols and amines, thus extreme caution should be done in handling it. The 
grafting process, as well as the opening and storage of Grignard solution, were done inside 
a water vapor controlled chamber for safety reason. All the materials that will be in contact 
with Grignard reagent, including the hydrogen-terminated Si, were kept dry. Because 
Grignard reagent is extremely sensitive with many reagents, waste Grignard reagents were 
made first to react with acetone. Afterwards, their by-product pH was made to be near 




2.2.3. Post-cleaning treatment 
 After the photochemical grafting process, the sample was rinsed with THF to 
remove excess Grignard reagent in the sample’s surface. After which, the sample was 
ultrasonically cleaned in ethanol and in UPW for 20 mins, respectively. The cleaned 
sample was then dried using streams of nitrogen. 
 
2.2.4. Characterizations 
 X-ray photoelectron spectroscopy (XPS) was done using an XPS system (Kratos 
Analytical Ltd., ESCA-3400). Using the XPS system, the O 1s, the C 1s and the Si 2p 
spectra of the sample was measured. The source of the X-ray was MgKα. The X-ray 
source is working at an emission current of 10 mA and an acceleration voltage of 10 kV. 
Step size of 0.1 eV was used for the XPS scan and was repeated for 10 times. XPS 
quantitative analysis was done using the built-in software to determine the oxygen atomic 
percent (O at%), the carbon atomic percent (C at%) and the silicon atomic percent (Si 
at%).  
 A Digilab FTIR spectrometer (Excalibur FTS 3000) sample chamber with a 
GATRTM single reflection horizontal ATR accessory was used to determine the ATR-FTIR 
spectrum of the samples. The ATR accessory uses Ge ATR crystal and has a 65° angle of 
incidence. Digilab Resolutions Pro 4.0 software package was used to record the IR 
spectrum.   
 The static water contact angle of the samples was measure using a water contact 
angle meter (Kyowa Interface Science Co., Ltd., DM 500). The volume of the water 
droplets that were used in the measurements was 1.8 µl.   
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 The surface topographical images of the sample were obtained using an atomic 
force microscope (Asylum Research, MFP-3D-SA AFM) in AC mode using an 
aluminum-backside coated Si (SII NanoTechnology Inc., SI-DF20) as probe.  
 A photoemission yield spectroscopy (PYS) system (Riken-Keiki Co., Ltd., 
Surface Analyzer AC-2) was used to determine the ionization potential of the 
methyl-terminated Si sample. During the measurement, the sample was illuminated with 3 
nW ultraviolet light, scanned from 4.20 to 6.00 eV in 0.05 eV steps.   
 
2.3. Results and Discussion 
We are successful in producing methyl-terminated Si(111) on an n-type substrate,  
however, we were not successful in producing a methyl-terminated surface on a p-type 
substrate using photochemical preparation.   
 
2.3.1. Photochemical Grafting Process 
Table 2.1. Different samples that were prepared 
Acronym Description 
(a) Light and Grignard 
Reagent  
n-low Si-H sample, which was irradiated with 35 mW cm-2 
visible light for 2 h in the Grignard reagent-THF solution 
(b) Si-H  
n-low Si-H sample, which has undergone post cleaning 
treatment  
(c) No light but with 
Grignard reagent 
n-low Si-H sample that was immersed in the Grignard 
reagent-THF solution for 2 h in the dark 
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(d) With light but with 
no Grignard reagent 
n-low Si-H sample that was irradiate with 35 mW cm-2 visible 
light in THF for 2 h without Grignard reagent  
 
Figure 2.4. Si 2p spectra of the different samples specified in Table 2.1. The inset 
highlights the portion of the spectra, which is associated with the formation of silicon 
oxide.  
 Table 2.1 shows the different samples that were prepared. Figure 2.4 shows their 
Si 2p spectra. The two possible peaks in Si 2p spectra can be associated with the existence 
of the following: (1) crystalline silicon (large peak at around 99.4 eV) and (2) silicon oxide 
(small peak at higher binding energy and highlighted in the inset of the graph). Among the 
different samples that were prepared, the Si-H sample that undergone photochemical 
















methyl groups are grafted on the silicon surface, thus prevents the formation of silicon 
oxide. Meanwhile, the Si-H sample shows small silicon oxide peak (Figure 2.4b), which 
may have developed during its post-cleaning treatment. Its higher silicon oxide level, 
compare to the Si-CH3 sample (Figure 2.4a), shows that Si-C bonds are more effective in 
preventing the growth of silicon oxide than Si-H bonds. Likewise, the sample that was 
immersed in Grignard reagent-THF solution for 2 h in the dark shows the presence of 
silicon oxide, in which its level is larger than that of Si-H (Figure 2.4c). The presence of 
silicon oxide is attributed to the absence (or very low amount) of grafted methyl groups. 
This signifies that the procedure, which we have implemented, does not promote methyl 
grafting in the dark (or has very slow methylation process in the dark). On the other hand, 
the sample that was illuminated for 2 h without Grignard reagent shows the largest silicon 
oxide content among the different samples (Figure 2.4d). Since there were no Grignard 
reagent molecules in the grafting solution, no methyl group would be grafted to protect the 
surface from oxidization. The illumination of visible light induces the formation of 






Figure 2.5. C 1s spectra of the methyl-terminated sample 
 
 Figure 2.5 shows C 1s spectrum of the methyl-terminated Si sample. The 
spectrum shows the existence of a “shoulder” at the higher binding energy. This “shoulder” 
could be due to carbon-based contaminations that may have cling on the surface during the 
photochemical grafting process and during the post-cleaning treatment.  
 The energy band diagram of hydrogen-terminated Si is presented in Figure 1.5 
(Chapter 1). In the dark and in absence of external voltage, the depletion layer of the Si-H 
sample hinders the transport of charges from/to Si substrate to/from the hydrogenated 
surface. Some possible ways in order for positive charges to go at the Si surface, includes 
the following: (1) by placing external voltage and (2) by illumination of the surface.    
The placement of sufficient external bias on the Si-H sample can make positive 
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inversion layer (Figure 1.6a in Chapter 1). At this condition, the Si surface would be rich in 
positive charges, which are the minority carrier of n-type Si. Meanwhile, connecting a 
positive bias on p Si-H sample creates an accumulation layer (Figure 1.7d in Chapter 1). At 
this condition, the Si surface would be rich in positive charges, which is the majority 
carrier of p-type Si. To note, the connection of an external bias on an n-type (Miyadera et. 
al., 2003, Okada et. al., 2004) or a p-type (Fellah et. al., 2002, Fidelis et. al., 2000) 
substrate has resulted to the production of methyl-terminated silicon.  
The success of our photochemical grafting process in producing 
methyl-terminated Si(111) indicates that it is also possible to use the photogenerated holes 
in triggering the methyl grafting process.  
 
2.3.2. Effect of the type of substrate (n-type vs. p-type) 
 
Table 2.2. n-type and p-type samples  
Acronym Description 
(a) n Si-H n-low Si-H sample, which has undergone post cleaning treatment 
(b) n Si-H (Light)  
n-low Si-H sample, which was irradiated with 35 mW cm-2 visible 
light for 2 h in the Grignard reagent-THF solution 
(c) p Si-H p-low Si-H sample, which has undergone post cleaning treatment  
(d) p Si-H (Light) 
p-low Si-H sample, which was irradiated with 35 mW cm-2 visible 




Figure 2.6. Si 2p spectra of the different samples specified in Table 2.2. The inset 
highlights the portion of the spectra, which is associated with the formation of silicon 
oxide.  
 
 Figure 2.6 shows the Si 2p spectra of the samples that were specified in Table 
2.2. The inset highlights the portion of the spectra, which is associated with the formation 
of silicon oxide. Photochemical preparation using n-type substrate (Figure 2.6b) yields a 
low silicon oxide level compare with its p-type counterpart (Figure 2.6d), and the two Si-H 














presence of grafted methyl groups while the high oxide level of the p-type sample was 
attributed in its absence (or very low amount). The nature of charges that goes on the Si 
surface during illumination depends on the type of substrate (whether n-type or p-type) 
(Figure 1.19 Chapter 1). For n-type Si, holes go on the Si surface. Meanwhile for p-type, 
electrons go on the Si surface. The presence of photogenerated positive charges on the Si 
surface induces the oxidative decomposition of Grignard reagents that led to methyl 
grafting. On the other hand, the illumination of p-type Si with visible light results to the 
presence of photogenerated electrons, which do not promote the oxidative decomposition 
of Grignard reagents rather they enhances the oxidation process.  
 
2.3.3. Rate of methyl grafting 
 Figure 2.7 shows the plot of the oxygen atomic percent of the samples with 
grafting time. Note that the “0 hr sample” is an n low Si-H sample, which underwent post 
cleaning treatment. The graph shows that the oxygen atomic percent decreases with 
grafting time. This decrease indicates the improvement of the coverage of the methylated 
surface with respect to grafting time. The rate at which the O at% decrease is faster on 
lower grafting time (0 to 2 h) compared with that of longer grafting time (2 to 4 h). The 
faster grafting rate at lower grafting time can be attributed to the larger number of available 
grafting site at the start of the grafting process. As the surface is being methylated, the 





Figure 2.7. Grafting time vs. oxygen atomic percent of n low Si-H with resistivity of 1-10 
Ω cm that underwent photochemical preparation using 200 mW・cm-2 illumination.  
 
 The rate at which positive charges accumulate on the silicon surface can affect 
the rate of methyl grafting process. The absorption of light on the Si surface induces the 
creation of electron-hole pair. The splitting of the electron-hole pair primarily happens in 
the depletion region due to the electric field in it. (Let us neglect the effect of possible 
splitting of electron-hole pairs outside the depletion region.) As stated earlier, for n Si, the 
holes went onto the Si surface. The rate in which holes accumulates on the Si surface can 
be influenced by (1) by the rate of the electron-hole pair generation and (2) by the width of 
























Table 2.3. XPS quantitative analytical data and water contact angle of n low Si-H that 










35 5.28 4.97 89.75 
70 5.09 5.24 89.67 
145 5.08 6.85 88.07 
200 3.65 6.61 89.74 
400 3.52 5.52 90.96 
600 2.46 7.65 89.89 
 
The rate of electron-hole pair generation (or optical generation rate) depends on 
the effective flux of photon hitting the surface of the sample. The effective photon flux is 
in turn affected by (1) the sample’s quantum efficiency, (2) the transmittance of the 
grafting medium and (3) the intensity of visible light illumination that was used during the 
grafting process. The effect of the rate of electron-hole pair generation on the rate of the 
methyl grafting process was investigated by varying the intensity of visible light that was 
used during the grafting process. Other factors such as the nature of the Si-H sample 
(which may affect the quantum efficiency of the sample), concentration of Grignard 
reagent on the grafting solution (which may affect the transmittance of the grafting 
solution) were kept or assumed to be constant.  
Table 2.3 shows the O at%, the C at%, the Si at% and the water contact angle of 
 48 
samples that were prepared under different illumination intensities. The table shows that as 
the illumination intensity increases, the O at% of the sample decreases. The decrease in O 
at% signifies that the coverage of the methylated surface improves with the increase in 
illumination intensity. High illumination intensity increases the rate of positive charge 
production on the Si surface, which in turn triggers a faster grafting process. Table 2.3 also 
shows that the water contact angle of the sample increases with illumination intensity. The 
increase in water contact angle reflects the increase in coverage of the methylated surface. 
To note, it would be difficult to drive conclusions based from the carbon atomic percent 
because sufficiently large signals from carbon-based impurities are superimposed on the C 
1s spectra as shown in Figure 2.5.    
 The thickness of depletion region can be affected by the dopant concentration of 
the substrate. Samples with low dopant concentration (or high resistivity) have thicker 
depletion region while those with higher dopant concentration (or low resistivity) has 
thinner depletion region. Samples with thinner depletion region have fewer regions where 
the electron-hole pair splitting occurs, thus this could translate to lower density of 
photogenerated holes on the Si surface, which in turn could translate to a slower 
methylation process.    
 Table 2.4 shows the O at%, the C at%, the Si at% and the water contact angle of 
samples that used substrate with different dopant concentrations. The sample that used 
substrate with high dopant concentration had higher O at% than that of sample that used 
substrate with low-dopant concentration. This suggests that the rate of methyl grafting 
process on low-doped substrate is faster than on high-doped substrate. Likewise, the water 
contact angle of the sample that used substrate with low dopant concentration is higher 
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than the sample that used substrate with high dopant concentration. This supports that the 
rate of methylation on low-doped substrate are faster than that high-doped substrate.   
 
Table 2.4. XPS quantitative analytical data of n Si-H that underwent photochemical 













n-low Si 1-10  5.14 7.18 87.69 84.6 ± 1.5 
n-high Si 0.001-004 6.98 11.15 81.87 75.5 ± 1.4 
 
2.3.4. Characteristics of the methyl-terminated Si surface 
 The methylated Si surface that was produced using photochemical preparation 
has atomically flat and hydrophobic surface. The surface also has lower electron affinity 
compare with that of the Si substrate. 
 The Si-CH3 sample has surface potential step (δ) of -0.31 eV as depicted in 
Figure 2.8. Surface potential step is the contribution of the surface dipole, which is caused 
by the grafting of molecules on a substrate, to the electron affinity.  The value of surface 
potential step is calculated from the value of the different parameters of bulk silicon and 
the sample’s ionization potential, which was determined from the Photoemission Yield 
Spectroscopy (PYS). The sample’s ionization potential (Ip = 4.86 eV) was estimated as the 
energy threshold of the graph of the photon energy hitting the surface of the sample vs. 
square root of yield (Figure 2.9).  The energy threshold is taken as the crossing point of 
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the yield line (with gradient of 25.95 cps1/2/eV) and of the background (1.7 cps1/2). 
Specifically, the value of the surface potential step is the difference between the calculated 
value of electron affinity of the methylated surface (χ = 3.74 eV) and the electron affinity 
of the bulk silicon (χbulk Si = 4.05 eV) (He, et. al. 2008). The value of the sample’s electron 
affinity was the difference between sample’s ionization potential (Ip = 4.86 eV) and the 
band gap of silicon (Eg = 1.12 eV).  
 
Figure 2.8. Band diagram of methyl-terminated Si(111) on n-type substrate. V, Ec, Ev and 
EF denote vacuum level, conduction band, valence band and Fermi energies, respectively. 
The terms Ip, δ	 and	 χ	 are the ionization potential, surface potential step and electron 
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Figure 2.9. Graph of square root of photoemission yield vs. photon energy of a 
methyl-terminated Si(111) sample  
  
   Figure 2.10 shows the AFM topographical images of the methyl-terminated Si 
sample. The images show stair-like structure, which is similar that of a Si-H (Figure 1.4 
Chapter 1). The stair-like structure of Si-H was preserved even after grafting. This 
indicates that the methylated silicon surface also has an atomically flat structure, similar to 
that of a Si-H surface. The atomically flat structure of the methylated surface can be the 
consequence of the perpendicular orientation of the methyl group with respect to the 
Si(111) plane and it having a van der Waal radius that is smaller than the Si(111) spacing. 
With these characteristics, the overlapping of methyl groups on the Si(111) surface is 




















note, the Si-C bonds, which are sp3-hybridized, should position the methyl groups 
perpendicular to the Si(111) plane (Webb et. al., 2006).  
 
 
Figure 2.10. AFM images of the methyl-terminated Si(111) showing different scan sizes: 



































































   
Figure 2.11. Grafting time vs. water contact angle of n low Si-H that underwent 
photochemical preparation using 200 mW・cm-2 illuminations.  
 
 A methyl-terminated silicon surface is hydrophobic. Its hydrophobic nature is 
seen in its high water contact angle. Figure 2.11 shows the graph of water contact angle as 
function of grafting time. As grafting time increases to 120 min, the water contact angle 
increases to 89.0 ± 0.8°. This increase is attributed to the increase in surface coverage of 
grafted methyl groups. However, when the grafting time is further increase to 240 min, the 
value of water contact angle fell to 86.2 ± 0.3°. The long time of exposing the sample with 
























2.3.5. Infrared Spectroscopy profile of the methyl-terminated Si samples 
Figure 2.12 shows the ATR-FTIR of a hydrogen-terminated Si with n-type 
substrate that underwent photochemical grafting process under 600 mW・cm-2 illumination 
for 210 min. The graph’s vertical axis is in ΔI/I, where “I” is the ATR signal of a Si-H 
sample that served as the reference. For presentation purposes, the graph is divided into 
three regions:  (1) 700-1800 cm-1 (Figure 2.12a), 1800-2700 cm-1 (Figure 2.12b), and 
2700-3050 cm-1 (Figure 2.12c). The symbols “||” (parallel) and “⊥” (perpendicular) in the 
graph signify the IR vibration direction, in which the reference position is the Si surface. 
Table 2.5 summarizes the different peaks of the ATR-FTIR profile.  
 The high peak of the ATR-FTIR profile at around 1255 cm-1 (Figure 2.12a), is 
attributed to the presence of C-H symmetric bending/deformation mode (δs(CH3)) or 
Si-CH3 umbrella mode (Amy et. al., 2007; Fidelis et. al., 2000; Ferguson and Raghavachari, 
2006; Webb et. al., 2006). This mode is perpendicular to the Si surface. Meanwhile, the 
FTIR signal from CH3 rocking mode (ρ(CH3)) (which is located at 751 cm-1) is very weak. 
This mode is parallel to the Si surface. The peaks located at around 2958 and 2908 cm-1 in 
Figure 2.12c are associated with the asymmetric (νa(CH3)) and symmetric (νs(CH3)) 
stretching of CH3 , respectively. On the other hand, the peaks at 2928 and 2854 cm-1 are 
attributed with the CH2 asymmetric (νa(CH2)) and symmetric (νs(CH2)) stretching modes, 
respectively. The presence of these peaks could be due organic contaminations that cling 
on the surface during the photochemical preparation. These impurities are suspected to 
cause the asymmetry in the C 1s spectra (Figure 2.5). These CH2 infrared peaks are also 
presence in other methyl-terminated surfaces (Amy et. al., 2007; Webb et. al., 2006). The 
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stretching mode of the Si-H bonds (ν(Si-H)) is manifested as a negative peak at around 
2082 cm-1 (Figure 2.12c). The “negative” signifies that this peak is initially present in the 
hydrogen-terminated Si but diminished during the photochemical grafting process.    
 
Table 2.5. ATR-FTIR spectra peaks of the methyl-terminated Si(111) 
Symbol Mode Wavenumber 
(cm-1) 
|| or ⊥ to the Si 
surface 
νa(CH3) Asymmetric stretching (CH3) 2958 || 
νa(CH2) Asymmetric stretching (CH2) 2928  
νs(CH3) Symmetric stretching (CH3) 2908 ⊥ 
νs(CH2) Symmetric stretching (CH2) 2854  
ν(Si-H) Stretching (Si-H) 2082 ⊥ 
δs(CH3) Symmetric bending (CH3) 1255 ⊥ 
ρ (CH3) Rocking (CH3) 751 || 
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Figure 2.12. ATR-FTIR of a methyl-terminated Si(111) that was prepared using 
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2.4. Summary and Conclusion 
 Photochemical preparation of methyl-terminated Si(111) was successfully done 
on an n-type substrate using Grignard reagent. ATR-FTIR spectrum confirms the presence 
of a methylated Si surface. It shows the presence of high intensity peak at around 1255 
cm-1, which is attributed to the presence of Si-CH3 umbrella mode. The success of 
producing methylated Si surface on n-type substrate shows the ability of photogenerated 
holes to trigger the oxidative decomposition of Grignard reagent, which promotes the 
methyl grafting process. The dependence of the methylation process on 
illumination-induced holes makes the grafting process highly influenced by illumination 
intensity and by the doping concentration of the substrate. In such, the rate of methyl 
grafting increases with the use of high illumination intensity and the use of substrate with 
low dopant concentration. The Si surface that is terminated with methyl groups had 
atomically flat structure and is hydrophobic. The methylated surface also has lower 
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Chapter 3  
Effect of Grafting Medium on the Photochemical 
Grafting of Ferrocenyl groups on Si(111) Surface  
 
3.1. Introduction 
Figure 3.1. Molecular structure of ferrocene (Based from the illustration of Bohn and 
Haaland, 1966). (Blue circles : carbon, green circles : hydrogen, red circle : iron)   
  
 Figure 3.1 shows a ferrocene or bis(cyclopentadienyl)iron(II) or Fe(C5H5)2. 
Ferrocene (Fc) is an organometallic compound with two cyclopentadienyl anions rings 
sandwiching one Fe(II) cation. The blue circles in the figure represent carbon atoms, the 
green circles represent hydrogen atoms and the one red circle represents an iron atom. The 






distance within the rings is 1.40 Å while the Fe-C bond is 2.04 Å (Eckermann, et. al, 2010). 
The iron in the ferrocene has two stable and reversible oxidation states. It can change from 
+2 (neutral ferrocenyl) to +3 (charged ferrocenyl) upon the introduction of positive 
potential and vice-versa when grounded. A neutral ferrocene measures (4.1x 3.3) Å and is 
orange in color and it expands to (4.1 x 3.5) Å and changes its color to blue when oxidized 
(Eckermann, et. al, 2010). 
 Ferrocenyl layers on silicon or silicon oxide have been eyed for the construction 
of memory devices (Fabre, 2010; Li et. al., 2002; Li et. al., 2003; Roth et. al., 2003). Fc 
can act as memory elements, in which the two reversible and stable oxidation states of its 
Fe atom can correspond to the memory bit “0” and “1”.  
 Several linkers have been used to connect the ferrocene groups with either the Si 
surface or silicon oxide (Fabre, 2010; Li et. al., 2002; Li et. al., 2003; Roth et. al., 2003; 
Ciampi, et. al., 2009; Ciampi et. al., 2008; Cossi et. al., 2006; Dalchiele et. al., 2005; Lu, et. 
al. 2008; Marrani et. al. 2009). However, if the thinnest possible monolayer is desired, the 
use of vinylferrocene (VFc), as a precursor, is advantageous because it can connect the Si 
surface and the Fc with just one ethyl unit.   
 The grafting of VFc molecules to the Si surface may involve some challenges. 
Grafting may induced damage on the Fc or may produce unwanted by-products. The 
unwanted by-product may even distort the electrochemical characteristics of the grafted 
ferrocenyl groups. Thus, the careful choice of grafting method and its parameters are very 
important.  
 The attachments of molecules on semiconductor surface have been topic of 
different researches (Amy et. al., 2007; Bansal et. al., 2001; Boukherroub et. al., 1999; 
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Boukherroub, 2005; Buriak, 2002; Cicero, et. al. 2000; Fellah et. al., 2002; Fellah, et. al., 
2004; Fidelis et. al. 2000; Hunger et. al., 2005; Hunger et. al., 2007; Linford and Chidsey, 
1993; Linford et. al., 1995; Miyadera et. al., 2003; Okada et al., 2004; Sieval et. al., 1998; 
Sieval et. al., 2000; Sun et. al., 2005; Takakusagi et. al., 2007; Touahir et. al., 2010; 
Waluyo et. al., 2010; Webb and Lewis, 2003; Webb et. al., 2006; Yamada et. al.; 2004, Yu 
et. al., 2005, Yu et. al., 2006). Several methods have been employed in grafting molecules 
onto the silicon surface. Each method has its own advantages and disadvantages. One 
technique used in grafting is the use of visible light. Grafting using visible light is a mild 
method, compared with the use of UV and the use of high thermal energy that could 
possibly induced damage on the grafted organic molecules (e.g. vinylferrocene). With this, 
it is our aim to attach ferrocenyl groups on Si(111) surface at room temperature using 
visible light as grafting initiator.  
 The photochemical technique employed by Sano, et. al. (2011) used a simple 
one-step self-assembled monolayer formation process involving the use of n-decane as 
grafting medium. In terms of the physical and electrochemical characteristics of the 
resulted products, they have shown that the use of visible light is advantageous than the 
use of thermal method.  
 Many technical challenges face the construction of an electronic device from 
SAM. In such, the properties of SAM (e.g., electrical, physical) should be attuned to the 
processes in which it may undergo to become a device (e.g., its surface adheres with other 
surfaces, Si surface inhibits oxidation during the subsequent processes of constructing a 
device). Making a mixed monolayer (Bain, 1989; Chen, 2002; Folkers, 1992; Frederix, 
2003; Hobara, 2002; Laibinis, 1992; Offord, 1994; Ostuni, 2003, Shimazu, 2002; Stranick, 
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1994; Tamada, 1997; Tong, 2011) by grafting other substance is a possible technique to 
tune its properties. However, the creation of mixed monolayer using a technique that 
involves mixed reaction must use a grafting medium that would allow the immobilization 
of all intended substances on the substrate’s surface. The identification of other grafting 
media (besides n-decane) for the Fc immobilization process would be advantageous 
because this would make the process more flexible and more adaptable to different 
situations.   
 The choice of grafting medium may influence the nature of the grafted substance. 
It is the reservoir of the precursor molecules and passageway of light from the light source 
to the sample. The interface between the grafting solution and the hydrogenated Si sample 
would be filled with photogenerated charges when illuminated. This condition may trigger 
reactions that could affect the quality of the final product.   
 The success in identifying grafting media that would be compatible in 
accommodating Grignard reagent will widens the numbers of possible substance that can 
be immobilized with the ferrocenyl moiety in a mixed monolayer. Grignard reagents are 
precursor molecules in grafting alkyl group on Si  (Bansal 2001, Fellah, 2002, Fellah, 
2004, Fidelis, 2000, Hunger, 2005, Hunger, 2007, Miyadera, 2003, Okada, 2004, 
Takakusagi, 2007, Waluyo, 2010, Webb, 2006, Yamada, 2004, Yu, 2005, Yu, 2006). Some 
of the solvents of Grignard reagents are (1) tetrahydrofuran (THF), (2) diethyl ether, and 
(3) dibuyl ether. The success of using these solvents in grafting VFc molecules on Si 
surface opens the possibility of immobilizing alkyl groups with the ferrocenyl moiety. The 
insulating nature of immobilized alkyl group on Si makes them candidate materials for 
tuning the properties of Fc-terminated Si, without distorting much its electrochemical 
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properties. Alkyl could also form Si-C bonds with the Si surface that can minimize the 
formation of silicon oxide. It can also function as insulating barrier between ferrocenyl 
moieties (or clusters of ferrocenyl moities). The building of dielectric barrier between a 
ferrocenyl moiety (or its cluster) from other moities (or from other clusters) is crucial in 
building memory cell on the Si surface.  
  
  











Table 3.1. Characteristics of grafting media that were used in the experiment 
Parameter THF Diethyl ether Dibutyl ether 
Molecular Formula C4H8O C4H10O C8H18O 
Boiling point (°C) 65°C (volatile) 34°C (volatile) 140.84°C (less 
volatile) 
Polarity Polar Less polar Less polar 
 
 We will use three media for grafting ferrocenyl groups on Si(111) surface (Figure 
3.2), they are (1) tetrahydrofuran (THF), (2) diethyl ether, and (3) dibuyl ether. All of these 
media are solvent of Grignard reagent. Table 3.1 shows some of their characteristics.  
Both tetrahydrofuran and diethyl ether are volatile; their boiling point is 65°C and 34°C, 
respectively. The use of these media would require additional procedure to compensate for 
the solvent, which would have been lost during the grafting process, because of their 
volatility. On the other hand, dibutyl ether is less volatile, thus, the use of this medium 
would be less difficult (in terms of procedure) compare to use of THF or of diethyl ether.  
 The main objective of this research is the determine the effects of grafting media 
(tetrahydrofuran, diethyl ether, and dibuyl ether) on the photochemical grafting of 
ferrocenyl groups on Si(111) surface.  
 
3.2. Methodology 
3.2.1. Hydrogen-termination process 
 The following kinds of substrates were used in this experiment: (1) 
Phosphorus-doped Si with resistivity of 1-10 Ω cm (n Si), and (2) Boron-doped Si with 
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resistivity of 1-30 Ω cm (p Si). The terms “n” and “p” indicate n-type and p-type, 
respectively. 
 A cut wafer was cleaned ultrasonically with ethanol and with ultrapure water, 
respectively, for 20 min each. It was then cleaned electrochemically by exposing it to 
vacuum ultraviolet from a xenon excimer lamp (172 nm, 10 mW･cm-2) for 20 min to 
remove the organic contaminants. The removal of native silicon oxide and H-termination 
process was done by immersing the cleaned Si(111) in a 5%-HF solution at room 
temperature for 1 min. It was also immersed in a 40%-NH4F solution in an 80 °C water 
bath for 30 s to removed the dissolved oxygen. However, for the samples that would be 
grafted in diethyl ether or dibutyl ether, the immersion time was increased to 1 min. The 
hydrogen-terminated sample was dried using stream of nitrogen.  
 
3.2.2. Photochemical grafting 
 The photochemical preparations were done by irradiating a hydrogen-terminated 
Si(111), which is immersed in a solvent-vinylferrocene solution, with visible light. The 
solvent (tetrahydrofuran, diethyl ether or dibutyl ether) serves as the grafting medium. The 
visible light comes from a xenon lamp device (Asahi Spectra Co., Ltd., Max 1000) with 
detachable optical filters and controllable light intensity. The spectrum of the visible light 
that was used is shown in Figure 2.4 (Chapter 2). The solvent-vinylferrocene solution was 
prepared by mixing vinylferrocene precursor powder with the solvent so that the 
concentration was 10 mM. The initial volume that was used for both the 
tetrahydrofuran-vinylferrocene and the dibutyl ether-vinylferrocene solutions were 40 mL 
while the initial volume for diethyl ether-vinylferrocene solution was 80 mL. The solution 
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was placed inside a quartz optical cell and undergone nitrogen bubbling before and during 
the grafting process. For the tetrahydrofuran-vinylferrocene solution, a reservoir bottle 
filled with tetrahydrofuran was placed along the nitrogen line to compensate for the liquid 
that would be lost during the nitrogen bubbling process due to the volatility of the liquid. 
For the diethyl ether-vinylferrocene solution, aside from placing a reservoir bottle filled 
with diethyl ether, the addition of extra diethyl ether was done to prevent the grafting 
solution from drying. However, since dibutyl ether was less volatile, no additional method 
or set-up was done.  
 
3.2.3. Post-cleaning treatment 
 After the photochemical grafting process, the sample was rinsed with the solvent 
(e.g. for the sample that was immersed in THF-vinylferrocene solution, it was rinsed with 
THF). After which, it was cleaned ultrasonically with ethanol and with ultrapure water, 
respectively for 10 min each. The sample was dried using streams of nitrogen.  
 
3.2.4. Characterizations 
 X-ray photoelectron spectroscopy (XPS) was done using an XPS system (Kratos 
Analytical Ltd., ESCA-3400). Using the XPS system, the Fe 2p, the O 1s, the C 1s and the 
Si 2p spectra of the samples were measured. The source of the X-ray was MgKα. The 
X-ray source is working at an emission current of 10 mA and an acceleration voltage of 10 
kV. Step size of 0.1 eV was used for the XPS scan. For the Fe 2p spectra, the scan was 
repeated 30 times while for the other spectra, they were repeated 10 times. Based from the 
spectra that were obtained, XPS quantitative analysis was done using the built-in software 
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to determine the iron atomic percent (Fe at%), the oxygen atomic percent (O at%), the 
carbon atomic percent (C at%) and the silicon atomic percent (Si at%). 
  The thicknesses of the deposited film were measured using a spectroscopic 
ellipsometer. The “air-VFc film-Si” model was used in the analysis of thickness. However, 
in the absence of the true value of the VFc film’s refractive index, the refractive index of 
silicon oxide was used as substitute. With this, the measured film thicknesses were not 
absolute values. 
 The surface topographical images of the sample were obtained using an atomic 
force microscope (Asylum Research, MFP-3D-SA AFM) in AC mode using an 
aluminum-backside coated Si (SII NanoTechnology Inc., SI-DF20) as probe.  
 The cyclic voltammetry measurements were done using a three-electrode setup 
that is connected to an electrochemical analyzer at room temperature. A 0.1 M HClO4 
solution serves as the electrolyte. The sample serves as the working electrode while a 
platimum coil serves as the counter electrode. An Ag/AgCl electrode, which was immersed 
in 3.0 M NaCl, serves as the reference electrode.  
 
3.3. Results and Discussion 
 Table 3.2 shows the three types of sample that were prepared. For simplicity the 
term “THF-prepared sample”, “Diethyl ether-prepared sample” and “Dibutyl 





Table 3.2. Different samples that were prepared 
Term Description 
(a) THF-prepared sample 
Sample that was prepared using tetrahydrofuran as 
grafting medium  
(b) Diethyl ether-prepared 
sample  
Sample that was prepared using diethyl ether as grafting 
medium 
(c) Dibutyl ether-prepared 
sample 
Sample that was prepared using dibutyl ether as grafting 
medium 
 
3.3. 1. Tetrahydrofuran-prepared samples 
 The samples that was photochemically prepared in tetrahydrofuran- 
vinylferrocene solution yielded degraded, oxidized and polymerized grafted structures on 
the Si(111) surface.  
 
Table 3.3. XPS Quantitative analysis, ellipsometric thickness and C/Fe 
Grafting 
time Fe at% O at% C at% Si at% 
Thickness 
(nm) C/Fe 
0 0 6.8 5.7 87.4 -- -- 
2 0.4 12.2 17.1 70.4 1.84 42.8 
4 2.6 21.4 20.4 55.6 4.48 7.8 





Figure 3.3. Graphs of (a) Fe atomic percent Fe and (b) ellipsometric thickness as a function 
of grafting time. The samples were n-type H-terminated Si(111) that were irradiated with 
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Figure 3.5. O 1s spectra of samples that were irradiated with 200 mW cm-2 visible light in 
THF-vinylferrocene solution at different grafting time. 
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Figure 3.7. Plot of Fe at% vs. C/Fe of THF-prepared samples 
  
 The use of THF resulted to the polymerization of the grafted structure on the Si 
surface. Table 3.3 shows the Fe at%, the O at%, the C at%, the Si at%, the ellipsometric 
thickness and the C/Fe of the THF-prepared sample. The value of Fe at% is proportional 
with the amount of grafted ferrocenyl groups on the silicon surface. As shown in Figure 3.3, 
both the Fe atomic percent and the ellipsometric thickness increase with grafting time. 
These increases suggest that the grafted structures were polymerized during the 
photochemical preparation. The values of the Fe at% and the ellipsometric thickness 
reached as high as 8.4% and 16.05 nm, respectively. These values are too high to be 
characteristics of ethyl-linked Fc monolayer. The typical values of its Fe at% as result of 
XPS analysis usually are less than 2% while its ellipsometric thickness is around 2 nm.  













   Fe  Atomic Percent  (%)
 C / Fe = 12
 74 
spectrum (Figure 3.4) of the sample shows peak at around 725.5 and 712.2 eV, which 
correspond to Fe(III) 2p1/2 and Fe(III) 2p1/2 respectively. The spectrum shows that the Fe 
oxidation state of the grafted molecules is +3. This is compatible with result of O 1s 
spectra (Figure 3.5), which reveals the presence of iron oxide (Fe2O3). The peak 
corresponding to the presence of iron oxide increases with grafting time (Figure 3.5) and 
Fe at% (Figure 3.6).  
 The grafted polymerized structures were also degraded. The detachment of some 
carbon atoms from the grafted structures might be a possible reason for low C/Fe ratio. The 
C/Fe ratio decreases with the increase in grafting time (Table 3.3) and with the increase in 
Fe at% (Figure 3.7). For ethyl-linked ferrocene-terminated Si, the ideal C/Fe ratio is 12. 
The higher-than-twelve values of C/Fe ratio at earlier grafting time (lower Fe at%) maybe 
are due to the presence of carbon-based impurities that adhere on the sample due to 
absence of grafted organic molecules.   
 Tetrahydrofuran is a medium that is commonly used for polymerization. The 
photoinduced charges that were generated during the illumination of light may have served 
as initiator for the grafting of vinylferrocene monomer onto the silicon surface. However, 
the tetrahydrofuran might have also facilitated the transfer of charges from the silicon 
surface to medium itself and to the free end of the grafted monomers to promote reaction 







3.3.2. Diethyl ethyl-prepared samples 
 
Table 3.4. XPS quantitative analytical data, ellipsometric thickness and C/Fe of diethyl 
ether-prepared samples with n-type substrate 
Grafting 
Time (h) Fe (at%) O (at%) C (at%) Si (at%) 
Thickness 
(nm) C/Fe 
0 0.00 5.61 4.73 89.67 --- --- 
2 1.05 10.62 26.60 61.73 2.31 25.3 
4 1.34 9.57 23.83 65.26 2.64 17.8 
 
Table 3.5. XPS quantitative analytical data, ellipsometric thickness and C/Fe of diethyl 
ether-prepared samples with p-type substrate 
Grafting 
Time (h) Fe (at%) O (at%) C (at%) Si (at%) 
Thickness 
(nm) C/Fe 
0 0.00 4.26 4.57 91.17 --- --- 
2 1.04 11.70 24.27 62.99 2.48 23.3 
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Figure 3.9. AFM topographical images of (a) Hydrogen-terminated Si(111), (b) Si-H 
sample that was irradiate with 400 mW･cm-2 visible light in diethyl ether-vinylferrocene 









































Figure 3.10. (a) Cyclic Voltammmograms of diethyl ether- prepared vinylferrocene- 
terminated Si(111) on p-type substrate (scan rates are 1, 0.5, 0.3, and 0.1 V/s) and (b) its 
corresponding graph of scan rate vs. peak current density (anodic current density: closed 














































Table 3.6. Parameters of cyclic voltammmograms of diethyl ether- prepared 
vinylferrocene- terminated Si(111) on p-type substrate. (Ipa = anodic peak current density, 
Epa = anodic peak potential, Ipc = cathodic peak current density, Epc = cathodic peak 
potential) 
 









1 10.3 0.259 9.65 0.241 
0.5 5.24 0.260 4.90 0.246 
0.3 3.18 0.257 2.94 0.242 
0.1 1.14 0.257 0.96 0.236 
 
Scan rate (V/s) | Epa-Epc | (V) 





 The samples that were photochemically prepared in diethyl ether- vinylferrocene 
solution yielded a monolayer of neutral ferrocenyl film that is electrically attached with the 
silicon surface. However, lumps of deposited materials are adhered on its surface.  
 Tables 3.4 and 3.5 show the Fe at%, the O at%, the C at%, the Si at%, the 
ellipsometric thickness and the C/Fe ratio of the diethyl ether-prepared samples with n-type 
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and p-type substrates, respectively. (The “zero grafting time” samples are Si-H samples, 
which have undergone the same post-cleaning treatment as the diethyl ether-prepared 
sample.) The Fe at%, for both the n-type and the p-type samples, increases with grafting 
time. The increase in Fe at% for the latter part of the grafting process (2-4 h) is slower than 
the earlier part (0-2 h). The faster grafting rate at lower grafting time can be attributed to 
the larger number of available grafting site at the start of the grafting process. As the 
surface is being grafted with ferrocenyl groups, the number of available grafting site 
decreases, thus the rate of grafting becomes slower. The values of Fe at% are also less than 
2%, which is within the atomic percent of an ethyl-linked Fc monolayer.   
 Tables 3.4 and 3.5 also show that the O at% of the samples are large. The large O 
at% could be attributed to the presence of silicon oxide on the sample’s surface. Due to the 
mismatch between the size of the ethyl-linked Fc structure and the Si(111) spacing, not all 
the topmost Si atoms can be grafted with ferrocenyl groups. The absence of Si-C bonds 
would result to the formation of silicon oxide.  
 The grafted film was composed of neutral ferrocenyl groups. Figure 3.8 shows 
the Fe 2p spectra of the diethyl-prepared sample. The peaks at 708.0 and 720.9 eV binding 
energies correspond to Fe(II) 2p3/2 and Fe (II) 2p1/2, respectively. The presence of these 
large peaks indicates that the dominant oxidation state of Fe is +2, which correspond to 
presence of neutral ferrocenyl. Meanwhile, the small peaks on their higher binding energy 
side are associated with the presence of oxidized ferrocenyl. 
 The diethyl ether-prepared sample has lumps of materials on its surface. Figure 
3.9a shows the step-like structure of the hydrogenated Si surface. This serves as the 
condition of the Si surface before the grafting process. Figure 3.9b shows the surface 
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topology after grafting. The image shows the presence of hump structures. Diethyl ether 
may have reacted with the hydrogenated surface and/or light, in which its by-product 
might have been deposited on the grafted surface (Figure 3.9c). This is compatible with the 
measured thicknesses of the diethyl ether-prepared samples, which are greater than the 
typical value of around 2 nm (Tables 3.4 and 3.5). These higher-than-expected values can 
be attributed to the lumps of deposited materials on the grafted surface.  
 The cyclic voltammogram (CV) of the sample shows the presence of anodic and 
cathodic peaks (Figure 3.10a). This signifies that the ferrocenyl groups are electrically 
connected with the Si surface. Figure 3.10b shows that the plots of scan rate with peak 
current density are linear. This signifies that the redox reactions are confined within the 
grafted surface. Likewise, the differences between the cathodic and anodic peaks are small, 
which is within the range of 0.014-0.021V (Table 3.6). These small differences indicate 
that the oxidation-reduction process does not involved diffusion of redox species. The 
deposited materials on the surface of the sample might have been redox-inert material that 










3.3.2. Dibutyl ethyl-prepared samples 
 
Table 3.7.  XPS quantitative analytical data, ellipsometric thickness and C/Fe ratio of 
dibutyl ether-prepared samples on n-type substrate 
Grafting 
Time (h) Fe (at%) O (at%) C (at%) Si (at%) 
Thickness 
(nm) C/Fe 
0 0.00 4.24 6.42 89.34 --- --- 
0.5 1.48 6.63 18.39 83.44 1.93 12.4 
1 1.42 9.69 15.99 72.91 1.84 11.3 
2 1.35 8.73 16.44 73.48 1.94 12.2 
4 1.05 12.26 20.64 78.68 2.59 19.7 
 
Table 3.8. XPS quantitative analytical data, ellipsometric thickness and C/Fe ratio of 
dibutyl ether-prepared samples on p-type substrate 
Grafting 
Time (h) Fe (at%) O (at%) C (at%) Si (at%) 
Thickness 
(nm) C/Fe 
0 0.00 4.26 4.06 91.68 --- --- 
0.5 1.18 11.81 17.50 69.51 1.93 14.8 
1 1.45 8.36 17.95 72.24 1.79 12.4 
2 1.21 11.65 17.20 69.94 1.93 14.2 
4 1.03 13.31 16.26 69.40 1.90 15.8 
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Figure 3.11. Fe 2p spectra of sample irradiated with 400 mW･cm-2 visible light in the 
vinylferrocene-dibutyl ether solution. 
 
Figure 3.12. AFM topographical image of samples irradiated with 400 mW･cm-2 visible 
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Figure 3.13. (a) Cyclic Voltammmograms of dibutyl ether- prepared vinylferrocene- 
terminated Si(111) on p-type substrate (scan rates are 500, 300, 100, 80, 50, 30 mV/s), and 
(b) its the corresponding graph of scan rate vs. peak current density (anodic current 











































Table 3.9. Parameters of cyclic voltammmograms of dibutyl ether- prepared 
vinylferrocene- terminated Si(111) on p-type substrate. (Ipa = anodic peak current density, 













0.5 3.70 0.318 3.41 0.332 
0.3 2.27 0.311 2.06 0.299 
0.1 0.81 0.304 0.69 0.286 
0.08 0.66 0.307 0.55 0.269 
0.05 0.43 0.297 0.35 0.253 
0.03 0.27 0.298 0.21 0.256 
 









 The samples that were photochemically prepared in dibutyl ether- vinylferrocene 
solution yielded a monolayer of neutral ferrocenyl film that is electrically attached with the 
silicon surface and has an atomically flat surface.  
 Tables 3.7 and 3.8 show the Fe at%, the O at%, the C at%, the Si at%, the 
ellipsometric thickness and the C/Fe ratio of the dibutyl ether-prepared samples with 
n-type and p-type substrates, respectively. (The “zero grafting time” samples are Si-H 
samples, that undergone the same post-cleaning treatment as the dibutyl ether-prepared 
sample.) For n-type substrate, the highest Fe at% was attained at 0.5 h. Meanwhile, for 
p-type substrate, the highest Fe at% was attained at 1 h. After attaining their optimum 
values, the Fe at% decreases with grafting time. In such, the photogenerated charges might 
have degrading effect on the grafted structures. The Fe at% of the samples are within the 
typical values of ethyl-linked Fc-terminated Si. At their optimum grafting times, the C/Fe 
ratio for both the grafted n-type and the grafted p-type substrates is 12.4, which is near the 
ideal value of 12. The dibutyl ether might have prevented the transfer of charges from the 
Si surface to the active portion of VFc molecules, thus polymerization is prevented. 
 Figure 3.11 shows the Fe 2p spectra of the dibutyl-ether prepared sample. 
Similar to that of diethyl ether-prepared sample, the dominant oxidation state of Fe is +2. 
This indicates that the grafted structures are mainly composed of neutral ferrocenyl groups. 
Figure 3.12 shows the AFM image of the sample. The image shows stair-like structure, 
which is similar that of a Si-H (Figure 1.4 in Chapter 1). The perseverance of the stair-like 
structure of Si-H indicates that the grafted surface also has an atomically flat structure, 
similar to that of a Si-H surface.  
 Figure 3.13a shows the cyclic voltammogram (CV) of the dibutyl ether-prepared  
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sample.  The presence of anodic and cathodic peaks signifies that the ferroncenyl groups 
are electrically connected with the Si surface. Figure 3.13b shows that the graph of scan 
rate vs peak current density is linear. This indicates that the oxidation-reduction reactions 
are confined within the grafted surface. Likewise, the differences between the anodic and 
cathodic peaks are small, ranging from 0.012-0.042 V (Table 3.9). These small differences 
signify that the redox process does not involved diffusion of redox species.    
  
3.4. Summary and Conclusion 
  Photochemical grafting of vinylferrocene molecules were grafted on Si(111) 
surface using tetrahydrofuran, dietyl ether or dibutyl ether. In the preparation, a 
hydrogen-terminated Si(111) was immersed in solvent-vinylferrocene solution and was 
illuminated with visible light. Table 3.10 summarizes the characteristics of samples that 
were prepared in different media.  
Table 3.10. Characteristics of samples that were prepared in different media 
Solvent Sample’s Characteristics 
Tetrahydrofuran Produces degraded, oxidized, polymerized grafted structures on 
Si(111) 
Diethyl Ether Produces neutral ferrocenyl monolayer that is electrically 
connected with the Si surface but it has lumps of deposited 
materials on it 
Dibutyl Ether Produces neutral ferrocenyl monolayer that is electrically 
connected with the Si surface and has an atomically flat surface.  
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 The use of diethyl ether or dibutyl ether enabled the production of ethyl-linked 
Fc-terminated Si, while the use of THF resulted to the polymerization of the grafted 
molecules. Diethyl ether and dibutyl ether might have prevented the transfer of charges 
from the Si surface to the active portion of VFc molecules that is needed for 
polymerization. On the other hand, the diethyl ether-prepared sample has lumps of 
deposited materials on it, however, these materials are not electrochemically active. 
Among the three media, the best in terms of easiness of preparation and quality of the 
grafted sample would be the use of diethyl ether. Dibutyl ether has low volatility, thus there 
is no need to place solvent reservoir to compensate for the loss liquid during the 
photochemical preparation. The dibutyl ether-prepared sample has good electrochemical 
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Chapter 4  
Role of Surface Charges on the Grafting of 
Vinylferrocene Molecules on Si surface 
  
4.1. Introduction 
 The preparations of grafted organic molecules on silicon surface using alkenes or 
olefins as precursor molecules have been cited in literature (Buriak, 2002; Cicero et. al. 
2000; Coletti et. al., 2006; Eves et. al. 2004; Kruse, et. al. 2002; Langner, et. al. 2005; 
Linford et. al. 1995; Lopinsky et. al. 2000; Sano et. al. 2008; Sieval et. al. 1998; Steward 
and Buriak, 2001; Sun et. al., 2005; Wang et. al. 2010; Zhong and Bernasek, 2011). It was 
previously proposed (Sano, et. al., 2011) that the grafting of VFc molecules on Si surface 
could arise when its carbon-carbon double bond approached the Si-H bond. In such event, 
they could form four-membered transition state that can lead to the formation of Si-C 
bonds. In photochemical preparation, illumination of the Si surface produces excitons. For 
n-type substrate, excitons dissociate into free carriers, with holes going on the Si surface. 
Surface holes can facilitate meeting between the nucleophilic alkene molecules and silicon 
atoms to form Si-C bonds. The case would be different for p-type substrate in which 
electrons go to the Si surface, instead of holes. The presence of negative charges on the Si 
surface would not be favorable to the attacked of nucleophilic alkene molecules. Model 
explaining the role of negative surface charges on alkene grafting is still not clear.  
 This report will give new insight about the role of surface charges on the grafting 
of alkene molecules. In this insight, surface charges are agents that facilitate the meeting of 
the VFc molecules and the Si-H bonds. In such, Si surface charges (electrons or holes) 
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produce electric field that can induce polarization of VFc molecules. The polarization of 
VFc molecules can lead to its attraction on the hydrogenated Si surface. The charges are 
not limited to those induced by illumination but could also included those tunneled charges 
from the bulk substrate. Tunneling of charges can occur in the dark, thus, we will also 
show that grafting of VFc molecules is also possible in the dark, without the aid of external 
agents (e.g., external bias, elevated temperature, radical initiator).  
 
4.2 Methodology 
Table 4.1. Kinds of silicon wafer that were used in the experiment  
Notations Sample Characteristics 
n-low Si Phosphorus-doped Si with resistivity of 
1-10 Ω cm 
n-type, high resistivity, low 
dopant concentration 
n-high Si Phosphorus-doped Si with resistivity of 
0.001-0.004 Ω cm 
n-type, low resistivity, high 
dopant concentration 
p-low Si Boron-doped Si with resistivity of 1-30 Ω 
cm 
p-type, high resistivity, low 
dopant concentration 
p-high Si Boron-doped Si with resistivity of 
0.001-0.004 Ω cm 




 Table 4.1 shows the four types of substrates that were used. The experimental 
method that was done was similar with that presented in Chapter 3.2. For high-doped 
substrate, the hydrogen-terminated process specified in Chapter 2.2.1 was done. Note that 
we did not use substrate with high dopant concentration in Chapter 3.  
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4.3. Results and Discussion 
4.3.1. Vinylferrocene molecules under electric field  
Figure 4.1. Polarization of VFc molecule due to the photogenerated charges on (a) n-type 
Si substrate and (b) p-type Si substrate.  
 
 At very short distance, the electric field produced by a solitary charge in vacuum 
is very strong (e.g. at 10 au or 0.529 nm, the electric field is about 0.01 au or 5.14 x 109 
V/m). Thus, a pool of charges on the Si surface can create a very large electric field with a 
very short distance from the Si surface. This large amount of electric field could possibly 
be used to polarize alkene molecule (Amos and Crispin, 1975; Waite and Papadopoulos, 
1991; Hush and Williams, 1970; Shigeta et. al., 1999) to create dipole moment that would 
result to its attraction on the Si surface.   
 The VFc molecules can undergoes polarization in the presence of electric field. 








































n-type Si p-type Si 
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(To note, 1 au ≈ 0.148 176 x 10-24 esu ≈ 0.164867 X 10-40 C2 m2 J-1.) Polarizability is a 
measure of the amount of dipole moment that was induced by an electric field (Dewar and 
Stewart, 1984). When a molecule is polarized, the electron density profile redistribute and 
create a dipole moment. Electric polarizability describes the change on the electron density 
distribution in the presence of an electric field (Fuentealba and Reyes, 1993). It can also be 
viewed as the looseness of binding of electrons (Davies, 1952).    
 Figure 4.1 highlights two areas of polarization, they are the (1) Fc head and (2) 
the carbon double bond (C=C) direction. The terms “δFc+” and “δFc-” signify Fc head’s 
positive and negative dipoles, respectively while the term “δC=C+” and “δC=C-” in Figure 4.1 
signify the positive and negative dipoles in the C=C direction, respectively. Amos and 
Crispin (1975) calculated the polarizability of the localized orbitals in ethylene molecule 
(e.g. parallel to the CH bond) and shows that it is more polarizable at the C=C direction. 
This is expected since π bond is loosely bound to the molecule thus its effect on 
polarizability is greater than that of σ bonds. It is also worth mentioning that similar to 
C=C double bonds, the longitudinal polarizability of C=O and C=S double bonds is also 
greater than its transverse polarizability (Denbigh, 1940).  
 Figure 4.1 also shows two dots that represent the polarized π bond electrons 
(zwitterionic state) of the ethylene body. In Figure 4.1a, the π bond electrons are attracted 
to the positively charged surface while in Figure 4.1b, the π bond electrons are repelled 
farther to the negatively charged surface. In ethylene molecule, the existence of dipole 
moment is associated with the localization of the two electrons on one side of the molecule 
(Zijlstra et. al., 1996). Zwitterionic character of alkenes has been cited in literature (Brooks 
and Schaefer, 1979; Morais et. al., 1991; Schilling and Hilinski, 1988; Schuddeboom et. al., 
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1993; Trinquier and Malrieu, 1980).  
 In our proposed model, we will assumed that the grafting medium is non-polar or 
has low polarity. Grafting medium can be (a) polar (Figure 4.2a) or (b) non-polar (Figure 
4.2b). In the previous chapter, we used tetrahydrofuran, diethyl ether and dibutyl ether, as 
grafting media. Tetrahydrofuran has relatively high polarity compare with diethyl ether and 
dibutyl ether. For simplicity, we can consider, THF as polar while the other two ethers as 
non-polar.  
Figure 4.2. Two kinds of grafting media: (a) polar medium and (b) non-polar medium 
  
 Illumination with visible light induces surface charges. Similar to any other 
charges, these photogenerated surface charges create electric field. Electric field has the 
capability to align the dipole moment of the polar molecules as shown in Figure 4.2a. 
Because of the presence of aligned dipole moments in polar medium, pockets of electric 








































case of non-polar medium (Figure 4.2b), wherein no dipole moment will align and the 
sufficiently large electric field is found near the Si surface. Since this chapter will focus on 
the use of dibutyl ether (non-polar) as grafting medium, we will assumed that the source of 
electric field, which is responsible for the polarization of ethylene-like body of VFc 
molecule, are the charges on the Si surface, and not on the grafting medium.   
 For both the illuminated n-type and p-type Si substrates, the configuration of the 
polarized VFc molecule can led to its attraction to the charged Si surface. For the case of 
n-type Si, the positively charged surface can induce dipole in which the negative side is 
facing the positively charged Si surface (Figure 4.1a). This configuration could eventually 
lead to its attraction on the Si surface. For the case of p-type Si, the negatively charged 
surface can induce a dipole in which the positive side is facing the negatively charged Si 
surface (Figure 4.1b). This configuration could also lead to its attraction on the Si surface. 
At the surface, the VFc molecules can interact with the hydrogenated Si to form Si-C 
bonds. Thus, the presence of illumination-induced surface charges can led to a fast grafting 
process.  
 Figure 4.3 shows the Fe atomic percent (Fe at%) vs. grafting time of samples 
with n-type and p-type substrates that undergone photochemical grafting process and those 
that are grafted in the dark. The value of Fe at% is proportional to the amount of grafted 
ferrocenyl groups on the Si surface. At grafting time of 30 min, the samples that underwent 
photochemical grafting have Fe at% of 1.48% (n Si) and 1.18% (p Si). These values are 
very much higher than that of the sample that was prepared on the dark, which has Fe at% 
of 0.2% (n Si) and 0.0% (p Si). These values show that illumination with visible light 
greatly enhanced the grafting process.  
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Figure 4.3. Fe atomic percent vs. grafting time of the following type of samples: (a) n-low 
Si-H samples that were illuminated with 400 mW• cm-2 visible light (n Si (light)), (b) 
p-low Si-H samples that were illuminated with 400 mW• cm-2 visible light (p Si (Light)), 
(c) n-low Si-H samples that were placed in the dark (n Si (dark)), and (d) p-low Si-H 
samples that were placed in the dark (p Si (dark)).    
  
 Figures 4.3a, 4.3b show that the highest Fe at% of the samples with p Si happens 
on longer grafting time of 60 min (Fe at% = 1.45%), compare with those of n Si, which is 
30 min (1.48%). The presence of photogenerated holes is advantageous than the presence 
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attracted to the surface. Meanwhile, the presence of photogenerated negative charges on 
the p-type Si surface might have contributed addition burden to the grafting process since 
they tend to repel away the π electrons. (It is important to note that the entire VFc molecule 
is still attracted to the Si surface.) This repulsion might have contributed to a slower 
grafting process on p Si surfaces compare to n Si.  
 Figures 4.3a, 4.3b also show that after reaching the highest Fe at%, their values 
slowly decrease. The decrease in the Fe at% might be attributed to the amount of grafted 
ferrocenyl groups that has been detached because of the continuous presence of 
photogenerated charges. The electric field created by the surface charges might have 
continuously polarizing the Fc head. The continuous pulling of the Fc head towards the Si 
surface might have resulted to the detachment of some of immobilized structures on the Si 
surface.     
  
4.3.2. Effects of Si Substrate on Grafting 
 The nature of the Si substrate can affect the grafting process by influencing the 
availability of charges on the hydrogenated surface. The transport of charges from the bulk 
of the Si substrate to its surface is highly influenced by its energy band structure. Figure 
1.5 (chapter 1) shows the energy band diagram of n Si-H and p Si-H samples at the dark 
and having zero external bias. The Si conduction (EC) and valence (EV) bands bend, 
creating a depletion layer and semiconductor barrier. The creation of semiconductor barrier 
can hinder the transfer of charges from bulk silicon out to its surface. Some possible ways 
in order for charges to go at the Si surface includes the following: (1) by placing external 
voltage, (2) by illumination of the surface and (3) by tunneling. The first two items were 
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discussed in Chapter 2 in relation to the methyl grafting process. This report will just 
tackle on item 2 (illumination of the surface) and item 3 (tunneling).  
 
Table 4.2. XPS quantitative analytical data of hydrogen-terminated Si(111)  that 
underwent photochemical preparation using 400 mW・cm-2 illumination.   










n-low Si 30 1.48 6.63 18.39 83.44 
n-high Si 30 0.88 15.51 13.40 70.21 
p-low Si 60 1.45 8.36 17.95 72.24 
p-high Si 60 0.77 15.96 16.63 66.64 
 
 As discussed earlier, illumination of visible light can induced the production of 
surface charges. The amount of photogenerated charges on the Si surface can be affected 
by the width of depletion layer. The electric field in this layer split the electron-hole pairs, 
which one kind of charge will go to the Si surface. Substrate with thinner layer has fewer 
region wherein splitting will occur, thus would mean less denser surface charges. A less 
dense surface charge makes the grafting process slower. The Si substrate’s dopant 
concentration affects the width of the depletion layer. The substrate with high dopant 
concentration or low resistivity will have thinner depletion layer than those with low 
dopant concentration. Table 4.2 shows the XPS quantitative analytical data of Si-H that 
underwent photochemical preparation using 400 mW・cm-2 illumination. The 30 min (n Si) 
and 60 min (p Si) in the second column correspond to the grafting time wherein the Fe at% 
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of samples with low-doped substrates are the highest. For both n Si and p Si, the samples 
with high dopant concentration have lower Fe at% indicating a slower grafting process. 
For sample using n-type Si, substrate with low dopant concentration has Fe at% of 1.48% 
while that of high dopant concentration has only 0.88%. Meanwhile for sample with p-type 
Si, substrate with low dopant concentration has Fe at% of 1.45% while that of high dopant 
concentration has only 0.77%. 
 Figures 4.3c and 4.3d shows that it is possible to graft vinylferrocene molecules 
onto the Si surface even in the dark without the aid of external agents (e.g., external bias, 
elevated temperature, radical initiator). However, the VFc grafting process in the dark is 
slower than under visible light illumination. In the dark and in the absence of external 
voltage, the electrons of n Si-H or the holes of p Si-H have probability to tunnel through 
the potential barrier and go to the surface to participate in the grafting process. The 
probability in which charges can tunnel across the semiconductor barrier can be influenced 
by (1) the height of the semiconductor barrier and (2) the width of the depletion region.  
 The height of the semiconductor barrier affects the probability of charge 
tunneling. Charges have higher probability to tunnel at barrier with shorter height than with 
taller height. The barrier height of n Si-H is less than those of p Si-H (Table 1.1 in Chapter 
1). For example in the work of Maldonado et. al. (2007), the barrier height of n Si-H is 
0.17 eV while that of p Si-H is 0.82 eV. Thus, the probability for holes in the bulk of p Si 
has lower probability to tunnel on the depletion region than for electrons in the bulk of n Si 
to do the same. This offers an explanation for the very slow rate of VFc grafting on p Si-H 
sample in the dark, compare to that of n Si-H (Figures 4.3c, 4.3d). For example, at 30 min 
grafting time, sample with n-type substrate has Fe at% of 0.2% while that of p-type has not 
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detected any significant amount of Fe atoms, thus the Fe at% is still 0%. When the grafting 
time is increase to 60 min, the Fe at% of sample with n-type substrate dramatically 
increases to 1.06%, while that of p-type substrate only increase to 0.08%.    
 Charges would have higher probability of tunneling on sample with shorter 
depletion region than that with longer depletion region. Si substrate with higher dopant 
concentration has shorter depletion width than substrate with lower dopant concentration. 
Thus, for a given span of time, sample with higher dopant concentration would have more 
tunneled charges on the Si surface than sample with lower dopant concentration. With this, 
VFc grafting in the dark would be much faster on sample with high dopant concentration 
than with those with low dopant concentration. Table 4.3 shows the XPS quantitative 
analytical data of Si-H that that was immersed in VFc- dibutyl ether solution in the dark. 
The table shows that for both samples with n-type and p-type substrates, grafting on 
substrate with high dopant concentration is faster than those of with low dopant 
concentration. For n-type substrate, substrate with high dopant concentration has Fe at% of 
0.40% while that of low dopant concentration has only 0.20%. Meanwhile for p-type 
substrate, substrate with high dopant concentration has Fe at% of 0.21% while that of low 








Table 4.3. XPS quantitative analytical data of hydrogen-terminated Si(111) that was 
immersed in VFc- dibutyl ether solution in the dark.   










n-low Si 30 0.20 8.17 7.56 84.07 
n-high Si 30 0.40 18.26 10.13 71.21 
p-low Si 60 0.08 7.84 9.76 82.32 
p-high Si 60 0.21 14.27 11.42 74.1 
 
 It is important to note, that the trend for the effect of dopant concentration is 
different for the case of photochemical preparation and the case of grafting in the dark 
method. The difference in trend is attributed with the difference on how the width of the 
depletion layer affects the movement of charges to the Si surface. A thinner depletion 
region (high dopant concentration) has limited vicinity wherein the splitting of 
photogenerated electron-hole pairs occur, thus this translate to a lower amount of 
photogenerated charges on the Si surface that could participate in grafting. The case would 
be different when grafting is done in the dark, wherein making the depletion layer thinner 
would be favorable for charge tunneling, thus grafting is enhanced.  
 
4.4. Summary and Conclusion 
 We are successful in grafting ferrocenyl groups on Si(111) surface on both n-type 
and p-type surface using photochemical preparation. The success was attributed to 
presence of photogenerated charges on the Si surface. In such, the surface charges create 
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electric field that has capability to polarized VFc molecules. When polarize, the dipole 
moment of the VFc molecules align with the electric field. The orientation of its dipole 
moment can led to its attraction towards the hydrogenated Si surface. When attracted near 
the surface, the VFc molecules can react with the hydrogenated Si to form Si-C bonds. The 
surface charges are not limited to charges caused by illumination, but could also include 
tunneled charges from the bulk substrate that could happen in the dark. We are also 
successful in grafting vinylferrocene molecules on Si surface in the dark. However, 
grafting in the dark is very slow compare to those under illumination. The density of 
surface charges, which is crucial to the grafting process, is influenced by the nature of the 
band bending of the Si (e.g. width of the depletion region), which in turn can be affected 
by the nature of the substrate (e.g. dopant concentration). Under illumination, the grafting 
rate improved with the use of substrate with low dopant concentration while in the dark, it 
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Chapter 5  
Electrochemical Characteristics of Immobilized 
Ferrocenyl Group on Si Surface  
 
5.1. Introduction 
 Ferrocene-containing molecules on semiconductor or semiconductor’s oxide 
surface (Si-Fc) have been topic of different reports (Ciampi, 2008, Ciampi, 2009, Cossi, 
2006, Dalchiele, 2005, Decker, 2006, Fabre, 2010, Fabre, 2006, Gowda, 2007, Li, 2002, Li, 
2003, Lu, 2008, Marrani, 2008, Marrani, 2009, Roth, 2003, Sano, 2011, Zanoni, 2005, 
Zanoni, 2008). They are eyed for memory devices (Fabre, 2010, Li 2002, Li 2003, Roth 
2003). The Fe atom in ferrocene (Fc) has two stable and reversible oxidation states and has 
potential to act as memory elements. Its two oxidation states could correspond to the 
memory bit “0” and “1”. Its oxidation state can increase from +2 to +3 upon the 
introduction of potential and could return back to +2 when it is removed. 
 The electrochemical characteristics of Fc-terminated Si (Si-Fc) depend on the 
type of substrate (whether n-type or p-type). Cyclic voltammograms (CV) of samples with 
n-type substrates (n Si-Fc) shows peaks only when performed under illumination 
(Dalchiele, et. al. 2005, Gowda, et. al 2007, Fabre, 2010, Sano et al 2011). The case would 
be different for samples with p-type substrate (p Si-Fc), which show CV peaks with or 
without illumination (Dalchiele, et. al. 2005, Gowda, et. al. 2007, Fabre, 2010, Sano et. al 
2011). Sano, et. al. (2011) presented a model to explained such phenomenon (Figures 5.1 





Figure 5.1. Energy diagram of Si-VFc sample on n-type substrate (Illustration taken from: 
Sano, et. al. 2011) 
 
 
Figure 5.2. Energy diagram of Si-VFc sample on p-type substrate (Illustration taken from: 
Author's personal copy
In contrast, for p-type film-formed sample, the holes in the
valence band are always sufficient for electrons in the HOMO level
in ferrocene to flow to the valence band in silicon, resulting in hole–
electron recombination. Thus no photo-responsivity is observed for
this sample.
4. Conclusions
Ferrocenyl-terminated films were formed on Si substrates
through chemical reactions of VFC molecules with H–Si(1 1 1) sur-
faces. These films showed electrochemical activities, indicating
that the films were electrochemically linked to the Si substrates.
In order to promote the chemical reactions of VFC with
H–Si(1 1 1), we employed two methods. One was thermal activa-
tion by heating a Si substrate immersed in a VFC solution to
150 !C. The other was the visible-light irradiation method. The lat-
ter was advantageous for the preparation of high-quality SAM
(a) VFC SAM on n-type substrate


































2. After coincidence of Ef

































2. After coincidence of Ef
1. Before coincidence of Ef
Fig. 10. Energy diagram for VFC-SAM-formed sample on the (a) n-type and (b) p-type silicon wafers. (a) For VFC-SAM on n-type substrate, no current flows in the dark, while
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Sano, et. al. 2011) 
 This chapter will further analyze the electrochemical characteristics of Si-Fc 
sample on n-type substrate in the presence of illumination. This chapter intends to present 
a model that will explain the behavior of CV peak position with respect to illumination 
intensity. In such, the CV peak position of an n Si-Fc sample shifts to lower potential with 
the increase in illumination intensity until it saturates.  
 
5.2. Methodology 
Figure 5.3. Cyclic voltammetry measurements set-up 
 
 The experimental method in producing the samples is similar to that of dibutyl 
ether-prepared sample that was presented in Chapter 3.2. The cyclic voltammetry 
measurements were done using a three-electrode setup that is connected to an 
electrochemical analyzer at room temperature (Figure 5.3). A 0.1 M HClO4 solution serves 










Ag/Ag Cl electrode in 
3.0 M NaCl 
Pl coil
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as the counter electrode. An Ag/AgCl electrode, which was immersed in 3.0 M NaCl, 
serves as the reference electrode.  
 
5.3. Results and Discussion 
 
5.3.1. Position of CV peak potential  
 The position of the anodic peak potential could be viewed as the total potential 
needed so that the holes from the valence band of Si can be used to increase the redox 
potential of the grafted film. This total potential could be composed of many individual 
potential (e.g. redox potential of the Fc moeity, and potential needed for the holes to start 
to travel to the VFc film). We could assumed for simplicity that only the potential needed 
to move from the Si substrate to the VFc film due to the band bending in depletion layer is 
the only kind of potential that can be affected by the application of external bias. With this, 
all other potential are considered to be independent of applied bias, thus could be 
considered constant.   
 The anodic peak can be correlated with the flat band potential. The flat band 
potential is the turning point between the depletion condition and accumulation condition 
(Figure 5.4). At potential below the flat band condition, the Si bands are still in depletion 
condition, thus the holes are still hindered to move to the Fc layer. At potential above the 
flat band condition, holes can move toward the Fc layer to increase the Fe oxidation state 
to +3. The flat band potential, being the onset potential for the hole transfer from the bulk 
Si to the Fc layer, could correlate to the position of the anodic peak. When the potential is 
brought below the flat band potential (from a potential higher than the flat band potential), 
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the holes can dissipate down from the Fc moieties, as dictated by its volatile nature. The 
dissipation of holes from the Fc moieties would bring back its oxidation potential to +2. 
This condition could be reflected as cathodic peak in CV measurements. 
 
   
 
Figure 5.4. Energy band diagrams of Si-Fc sample having different modes 
 
5.3.2. Effects of Illumination on the Electrochemical Characteristics of Ferrocene on 
Semiconductor Surface 
 Figure 5.5 shows the shift in the position of CV peaks to lower potential with the 
increase in illumination intensity. This shift was attributed to lowering of potential needed 
to start the transport of holes to the Fc layer to be able to increase its oxidation state to +3. 
Such shift is reflective of the change in Si band bending due to illumination. The details of 
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Figure 5.5. Cyclic Voltammmograms of the n Si-Fc sample. The voltammograms were 
measured at room temperature under 5 (violet), 10 (blue), 20 (green), and 30 (red) mW/cm2 






















Figure 5.6. Band diagram of n Si-Fc sample in the dark (black line) and under illumination 
(green line). The sample is not connected to an external bias. (EF,Si is the Fermi energy of Si, 
EF,Fc is the Fermi energy of the grafted substrate and electrode system, q is the net charge 
on the surface) 
 
 Figure 5.6 shows the energy band diagram of Si-Fc with n-type substrates (with 
zero external bias) that is placed in the dark (black line) and under illumination (green line). 
At the dark (with no external bias), the Fermi energy (EF) of the bulk Si and the Fc layer 
are equal. The built-in potential (Vbi) describes the amount of the Si band bending at this 
condition. The presence of illumination produces electron-hole pairs, in which the holes 
could go to the Si surface and into the Fc layer to increase its oxidation state. The presence 
of holes on the surface can change the potential of the surface (similar to a solar cell). The 





EF,Si - EF,Fc = qVoc
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surface would cause changes in their Fermi energies as shown in Figure 5.6. The difference 
in their Fermi energies would be equal to the energy of the photo-induced surface voltage 
(open circuit voltage).  
 
Figure 5.7. Band diagram of n Si-Fc sample, which is illuminated at different intensities. 
The sample is not connected to an external bias. The energy band diagram is in relative 
energy position for the purposes of comparing the effect of different illumination 
intensities. The Fermi energy level at the bulk Si is also simplified into a straight line. (EF,Si 
is the Fermi energy of Si, EF,Fc is the Fermi energy of the grafted substrate and electrode 




 Figure 5.7 shows the energy band diagram of Si-Fc sample with n-type substrate 
(zero external bias), which is illuminated at different intensities. Note that the energy band 
diagram is in relative energy position for the purposes of comparing the effect of different 
illumination intensities. In addition, the Fermi energy level at the bulk Si is also simplified 
into a straight line. Increase in the illumination intensity triggers the production of more 
photogenerated holes, which could increase the open circuit voltage (Voc) of the sample. 
The shift in the position of the anodic peak to lower potential with the increase in 
illumination intensity can be attributed to the increase in the open circuit voltage (Voc). The 
increase in illumination reduces the total potential needed for the Fc redox reaction to 
occur, since it already supplies some of the needed potential (in terms of the open circuit 
voltage). However, as illumination intensity further increase, the band bending further 
reduces and can approached the flat band mode. At flat band mode, there is no more 
depletion region wherein the electron-hole pairs can split to produce photogenerated holes. 
With this condition, the open circuit voltage cannot further increase, thus there would no 





Figure 5.8. Graph of anodic (solid line and filled symbol) and cathodic (dashed line and 
open symbol) peak potential as a function of illumination intensity at scan rate of 0.5 V/s. 
 
Figure 5.9. Graph of anodic (solid line and filled symbol) and cathodic (dashed line and 
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 Figure 5.8 shows the experimental plots of CV peaks position with illumination 
intensity. The plot shows the shift of CV peak to lower potential with the increase in 
illumination intensities until the shift tends to saturate. The trend of the plots is compatible 
with our analysis earlier about the relation of CV peak with illumination intensity. Figure 
5.8 also shows that the difference between the positions of the anodic and the cathodic 
peaks decreases with increase in light intensity. This may reflect that at high illumination 
intensity when current density is large, the effect of other redox reactions tends to become 
negligible. On another matter, Figure 5.9 shows that the peak current density tends to 
saturate at high value with illumination intensity. This may indicate that the production of 




Figure 5.10. Light intensity vs. anodic peak potential (scan rate of 0.1 V/s) of the following 
n Si-Fc samples: (a) Dibutyl ether-prepared sample that was grafted under visible light 
illumination (green), (b) Dibutyl ether-prepared sample that was grafted in the dark (red), 
and (c) Diethyl ether-prepared sample that was grafted under visible light illumination 
(blue). The dashed line represents the trend of the graph and was interpolated down to zero 






Table 5.1. Estimate value of (1) projected and hypothetical anodic peak position at zero 
intensity (Epa(0)), (2) projected anodic peak position at very high light intensity (Epa(∞)), 
(3) Epa(0) - Epa(∞) and (4) projected light intensity when the value of Epa saturates (Lsat) of 
the different Si-Fc samples using n-type substrate.  
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 Figure 5.10. show the graph of light intensity vs. cathodic peak potential (scan 
rate of 0.1 V/s) of the following n Si-Fc samples: (a) Dibutyl ether-prepared sample that 
was grafted under visible light illumination, (b) Dibutyl ether-prepared sample that was 
grafted in the dark, and (c) Dibutyl ether-prepared sample that was grafted under visible 
light illumination. The dashed line represents the trend of the graph and was interpolated 
down to zero light intensity, wherein CV peak don’t really exist. The data were fitted using 
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the equation:   
     equation 1 
 
where Ei, A, Li and τ are fitting parameter constant while the variable terms are the anodic 
peak position (Epa) and light intensity (L). The best-fitted curve was predicted using Igor 
Pro. 6.21. Equation 1 incorporates both (1) the seemingly linear behavior of the open 
circuit voltage (which we assumed to coincide with the anodic peak position) with light 
intensity as seen in different literature (Cowan, et. al., 2010, Li, et. al., 2012) and (2) its 
saturation at high light intensity. The linear behavior of Equation 1 at low light intensity, L 
(relative to the term (L-Li )/τ ) is seen when its form is expanded to its series form:    
 equation 2 
 
The difference between the hypothetical value of Epa at zero light intensity (Epa (0)), and 
the projected value of Epa at very high light intensity (Epa(∞)) reflects the extend of the 
built-in potential (or the band bending at equilibrium condition):  
    equation 3 
 
 Table 5.1 summarized the characteristics of the graphs in Figure 5.10. The table 
presents three types of samples; they are (a) Dibutyl ether-prepared sample that was 
grafted under visible light illumination (green), (b) Dibutyl ether-prepared sample that was 
grafted in the dark (red), and (c) Diethyl ether-prepared sample that was grafted under 
visible light illumination (blue).  
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 The values of Epa saturate for the two dibutyl ether-prepared samples (grafted 
with light (sample A) and grafted in the dark (sample B)) are estimated to saturate at lower 
light intensity (Ls= 30 mW/cm2) than the diethyl ether-prepared sample (C) (Ls = 50 
mW/cm2). This could be explained by the fact that diethyl ether-prepared sample has lumps 
of materials deposited on it (Figure 3.9 in Chapter 3), which might act as light blockage, 
thus the effective light hitting the Si surface is lesser. The graph of the two samples, which 
is grafted in the presence of illumination (samples A and C), might look different but the 
values of their Epa(0) - Epa(∞) are close to each other and greatly differ with the sample 
grafted in the dark (sample B). Since we have associated this parameter with the built-in 
potential (band bending at equilibrium condition), it seems that the built-in potential of 
samples prepared using visible light illumination is significantly different with that 
prepared in the dark. Further verifications and analysis are still needed to justify this claim.   
 
5.4. Summary and Conclusion 
 The effects of illumination on the electrochemical characteristics of ferrocene 
group on n-type Si surface were modeled and experimentally determined. Experimentally, 
the increase in illumination intensity during cyclic voltammetry measurements shifts the 
position of anodic and cathodic peaks to lower potential until it saturates. This shift was 
attributed (Figure 5.11) to the surface voltage (open circuit voltage) that was produced 
during illumination, which lowers the potential needed to start the transport of holes to the 
Fc layer to be able to increase the Fe oxidation state to +3. However, further increase in the 
illumination intensity could decrease the Si band bending until it became flat. When the Si 
energy band is already flat, there would be no more depletion region that could further split 
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the electron-hole pairs to produce further photogenerated holes. With this condition, there 
could be no further increase in surface voltage, thus the positions of the CV peaks cannot 




Figure 5.11. Relation between the position of anodic peak potential and Si band bending 
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Chapter 5  
Summary and Conclusions  
 
 This study has successfully grafted methyl and ferrocenyl groups on Si(111) 
surface using photochemical preparations. The outcome organic assemblies are alkyl 
groups (-CH3 and –C2H4Fc) that are covalently bonded with the Si surface.  
 This study has explored two different processes in which alkyl structures could 
be grafted on the Si surface using visible light illumination. One process involves the use 
of organomagnesium halide (Grignard reagent) while the other involves the use of 1-alkene 
(vinylferrocene) molecules. The way in which visible light interacts with the two types of 
the precursor molecules to induce grafting process were modeled to be different. In the use 
of Grignard reagent, the photogenerated holes induce the oxidative decomposition of 
Grignard reagent, which releases the alkyl molecules that is needed for grafting. On the 
other hand, in the use of 1-alkene molecules, the photogenerated holes facilitate the 
reaction between the hydrogenated surface and vinylferrocene in nucleophilic fashion.  
 This study explore on the two possible functions of grafted molecules on 
semiconductor surface. In such, we have shown that the grafted -CH3 group can make Si 
surface chemically inert, in terms of resisting silicon oxide formation. Meanwhile, we have 
shown that the grafted –C2H4Fc group have good electrochemical characteristics (e.g. 
small different in cathodic and anodic peak positions) in terms of its potential application 
in memory devices.  
 The preparation of methyl-terminated Si(111) was successfully done using a 
photochemical grafting technique. The ATR-FTIR spectrum of the sample shows the 
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presence of high intensity peak at around 1255 cm-1, which is attributed to the presence of 
Si-CH3 umbrella mode. This peak confirms the presence of methyl groups, which are 
oriented perpendicular to the Si(111) surface. The methylated Si surface had atomically flat 
structure, is hydrophobic and has lower electron affinity compare to the bulk Si. The 
grafting process improves with the use of sample with low dopant concentration and high 
illumination intensity.  
 The photochemical grafting of vinylferrocene molecule on Si(111) surface was 
successfully been employed. The use of diethyl ether or dibutyl ether as grafting medium 
enabled the production of monolayer-thick molecular layer, however, the use of 
tetrahydrofuran leads to the polymerization of the grafted substance. The samples, which 
were prepared using diethyl ether, has lumps of deposited materials on it, however, these 
materials are not electrochemical active. The use of dibutyl ether stands the best in terms of 
easiness of preparation and quality of the grafted sample. Dibutyl ether has low volatility, 
thus very easy to manage during the preparation and the produces samples with good 
electrochemical properties and surface topography. 
 The photochemical preparation of ferrocene-terminated Si(111) with n-type and 
p-type substrate was successfully been employed. The success was attributed to presence 
of photogenerated charges on the Si surface. The photogenerated charges create electric 
field, which polarized the vinylferrocene molecules for it to be attracted on the Si surface. 
When attracted near the surface, the vinylferocene molecules can react with hydrogenated 
Si to form Si-C bonds. The kind of charges that can led to the attraction of vinylferrocene 
molecules to the Si surface are not limited to the charges caused by illumination, but could 
also include tunneled charges from the bulk substrate that could happen in the dark. We are 
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also successful in grafting vinylferrocene molecules on Si surface in the dark. However, 
the process in the dark is very slow compare to those prepared under illumination. The 
density of surface charges, which is crucial to the grafting rate, is influenced by the band 
bending characteristics of Si (e.g. width of the depletion region), which in turn can be 
affected by the nature of the substrate (e.g. dopant concentration). Under illumination, the 
grafting rate becomes faster with the use of substrate with low dopant concentration while 
in the dark, it improved with the use of substrate with high dopant concentration and 
n-type substrate.   
 The electrochemical characteristics of ferrocene group on n-type Si surface and 
the effect of illumination were modeled and experimentally determined. Experimentally, 
the anodic and cathodic peaks shift to lower potential when the illumination intensity 
during cyclic voltammetry measurements was increased. However, this shift saturates at 
high illumination intensity. The shift of the peaks to lower potential was attributed to the 
illumination-induced surface voltage (open circuit voltage). This surface voltage lowers the 
potential needed to start the transport of holes to the Fc layer to be able to increase the Fe 
oxidation state to +3. However, further increase in the intensity of illumination reduces the 
band bending until it became flat. When the Si energy bands are flat, there would be no 
more depletion region that could further split the electron-hole pairs to produced further 
photogenerated holes. With this situation, the surface voltage (open circuit voltage) will 
not further increase, thus, the cyclic voltammogram peaks cannot further shifts to lower 
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